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ABSTRACT

We derive the closed form expression for the probability of bit error in direct detection,
dense wavelength division multiplexed (WDM) fiber optic systems employing OOK
as the modulation technique and single-cavity Fabry-Perot (FP) filters in the receiver
as demultiplexers. The expression is derived in the time domain using the impulse
response of the single-cavity Fabry-Perot filter and the complex baseband equivalent
of the received dense WDM optical signal. The two are convolved to produce the FP
filtered output signal s(t). We then integrate R|s(t)|?> over one bit period, where R
is the responsivity (A/W) of the photodetector following the FP filter in the receiver
structure. This integral is the deterministic X of the decision variable Y where
Y = X + N. N is the postdetection thermal noise (amplifier generated), a zero mean
Gaussian random variable with variance NoT where Ny is the noise current spectral
density (A?/Hz). Both X and N are combined into an expression for probability of
bit error. A limited case of the complete model is assumed, and probability of bit

error graphs are generated.
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I. INTRODUCTION

Direct detection optical frequency division multiple access (FDMA) networks
are increasingly becoming an attractive alternative to coherent optical FDMA net-
works [1]. One of the primary reasons is that noncoherent systems do not require
expensive synchronization circuitry for proper operation. Also, present optical filter
technology allows designers to closely pack the channels in frequency, resulting in
dense wavelength division multiplexed (WDM) systems that can provide aggregate
bit rates of many terabits per second (1T b/sec = 102 bits/sec) [2]. The possible
uses of dense WDM systems are many (local area networks, undersea surveillance,
etc.), but one can easily see the enormous economic benefit and importance of being
able to transmit aggregate bit rates of terabits per second on a single fiber without
the economic burden of expensive synchronization circuitry imposed by a coherent
system. In this thesis, we derive the complete closed form expression in the time
domain for the probability of bit error of dense WDM systems employing OOK as
the modulation technique and single-cavity Fabry-Perot (FP) filters as channel de-
multiplexers. In our derivation, we make no simplifying mathematical assumptions
and use the impulse response of the single-cavity Fabry-Perot filter, which is an in-
finite sum of delayed impulses whose intensities decrease geometrically. The results
of our work are presented in Chapters II, III, and IV. A detailed derivation of the
deterministic signal component of the decision variable appearing at the output of
the integrator of the Channel 0 (Channel of Interest) receiver appears in Appendix A.
See Fig. 1 for a sketch of this receiver. Appendix B shows how the complete model
is reduced for a limited case and how probability of bit error calculations are made
for this limited case. Appendix C shows the strategy and programs used to obtain

the probability of bit error for four values of free spectral range-bit period product




and a given range of signal-to-noise ratios. It is interesting to note at this point
that, although the model presented in this thesis is strictly derived, complete, and
done without approximation, its major weakness is that it is computationally very
intensive. In fact, it takes several months of computer time on several SPARC-10
workstations working simultaneously to generate a single graph of the probability of
bit error for this system. At the end of the thesis we conclude that, although our

model is mathematically correct, a discrete time approach to the problem is probably

a more efficient investigative tool in analyzing the performance of dense WDM fiber

optic networks.

Decision Variable Y

liggff FABRY PHOTO AMPLIFIER 7 THRESHOLD | [,
_WDM i pproT Y >() / R _DATA
0
sianaL | FILTER DETECTOR ]‘ T DETECTOR
POSTDETECTION
NOISE

n(t)

Photodetector Output Current = R |s(t)|?

X = R/OT |s(t)|2dt N= /OT n(t)dt

Figure 1: Channel 0 OOK receiver structure.




II. ANALYSIS

An OOK, dense WDM system utilizing single-cavity Fabry-Perot (FP) optical
filters as demultiplexers consists of M + 1 transmitters (fixed wavelength lasers) con-
nected over a fiber link to M +1 receivers. Each receiver contains a frequency selective
Fabry-Perot filter to demultiplex one of the M + 1 channels. In our derivation of the
closed form expression for the probability of bit error for this system, M is the even
number of adjacent channels symmetrically placed in frequency around the Channel
of Interest (Channel 0) whose carrier is transmitted on an arbitrary wavelength A,.
The Channel 0 receiver is shown in Fig. 1. The dense WDM optical signal is received
by the Fabry-Perot filter tuned to A,, which allows the Channel 0 data signal to pass
and rejects signals in the adjacent channels. A photodetector then converts the fil-
tered optical signal to a current. The photodetector has an arbitrary responsivity R
(A/W). The current is then amplified by a low-noise amplifier which adds a postde-
tection thermal noise n(t) with two-sided current spectral density No (A%/Hz). Both
the signal and noise currents are now passed to an integrator (low pass filter). The
output of the integrator is the decision variable Y, which is compared to a threshold

Vr to determine whether an “0” or “1” was sent.

A. THE DENSE WDM SIGNAL AT THE INPUT OF THE FABRY-
PEROT FILTER: r(t)
Again we note that Channel 0 is our channel of interest. We can write the
expression for the Channel 0 data signal in the complex baseband as

bo(t) = i bo,iPT(t - iT) (1)

i=—Lg
where T is the data bit period (s), and by; is the bit in Channel 0 during the time

period [iT, (¢ + 1)T]. Note that by; € {0,1}. Lo is a positive integer which represents

3




the number of bits in Channel 0 that are trailing the detected bit or bit of interest

boo- pr(t) is the rectangular pulse function defined as

r0={ 5 e | ®

Channel k is any arbitrary adjacent channel. There are M adjacent channels placed
symmetrically in frequency around Channel 0. M is an even integer. The indices for
k are as follows k = —M/2,---,—1,1,---,+M/2. We may now write the complex
baseband expression for the k' channel data signal

Z b g7 F e pp(t — (T) (3)

e=-L
where wy is the radian frequency spacing between Channel 0 and Channel k£ and
wg = —w_k. We have already defined the pulse function pr(¢) in Eq. (2) above. L is
a positive integer which represents the number of bits in Channel £ which trail the
bit in Channel k that is the 0*} bit, br,o. We now note that by 4 is the bit in Channel
k during the time period [¢T, (¢ + 1)T'] and that b, , € {0, e’®*}, where ¢; is Channel
k’s phase offset from Channel 0. ¢; is assumed to be a uniformly distributed random
variable between 0 and 27 (¢x ~ U[0,27]). We can now use Eqgs. (1) and (3) to write
the complex baseband equivalent dense WDM received optical signal which appears
at the input of the Channel 0 Fabry-Perot filter (see Fig. 1)

+M/2
rt) = VPb(t)+ 3 VPl (4)
k=-—M/2
k£0

and

+M/2 0
( Z bo sz t — ZT) + Z Z bk gejwkt t - ZT)) (5)

1=—Lg {=-L

k=—M]/2
k#£0

where P is the received optical power.




B. THE OPTICAL OUTPUT OF THE FABRY-PEROT FILTER:
s(t) = 7o(?)

To arrive at the optical output of the Fabry-Perot filter s(t), we must convolve

the input signal r(t) with the impulse response A(t) of the filter
s(t) = ro(t) = r(t) x h(t) = A(2) x r(t) (6)

First, however, we need the expression for A(t). The Fabry-Perot filter is a causal,

linear, time-invariant (LTI) system. It can be shown [1] that

h(t) = (L= p) Y 0?6 (t - %) (7)
g=0
where 6(t) is the Dirac Delta Function defined in two parts
] 0, t<0
5(t) = { 0, t>0 } (82)
and
ot

/ ~ §(t)dt =1 (8b)

Looking at Eq. (7), we note that p is the power reflectivity of the single-cavity Fabry-
Perot filter and S is the filter’s free spectral range (Hz). Performing the convolution
operation yields the following (see Appendix A for details)

s(t) = ro(t) = \/15(1'_ p) [i p°boopT (t - %)

g=0

~ s

sp(t)

-1 [es)
+ Y > ribopr (t - % - iT)

i=—Lg g=0

s

"'

s1s1(t)

+M/2 0 oo ]
+ Y D D Pty (t - % - fT)] (9)

k=-M/2 t=-Lg=0
k£0

sacrl(t)




where sp(t) is the desired signal (signal of interest), s;sr(t) is the intersymbol inter-

ference signal, and sacy(t) is the adjacent channel interference signal. Then
s(t) =ro(t) = K (sp(t) + srs1(t) + saci(t)) (10)

We are now interested in writing an expression for s(t) during the detection
interval 0 < ¢ < T. We do this by sketching sp(t) from Eq. (9) and then writing
another expression which accounts for how the rectangular pulses behave during the
detection interval. We then sketch the pulse functions for the first three values of :
for s;s7(t) in Eq. (9). We note how they appear during the detection interval, and
recognizing a pattern, we write another expression for syg;(t) for 0 <¢ < T. A similar
process is followed to arrive at s4¢7(t) for 0 <t < T. We now present sg(t), szsi(t),

and sxcy(t) for 0 <t < T (see Appendix A for details)

where ¢ = T/(1/8) = BT is an integer. Recall that T is the data bit period (s), and

B is the single-cavity Fabry-Perot filter’s free spectral range (Hz).
g p g

sistlt) = 3 { S b (—B—T—@m)

i=—Lo | g=—(1+i)g+1 g+(1+1)qg

—(i-1)g—1

By D)) s o
p




+M/2 q—1 ) T g
SACI(t) = Z I:Z pgbk,()@]wk(t_(g/ﬁ))pT <t _ _> jl
9=0 g) g

k=-M/2

k#£0 p
-1 (—-Zq)—l ) /BT(t)
+ Z pgbk,eejw"(t_(g/ﬁ))PT (_____)
=-L [g:—(?ﬁ)q-{-l g + (1 + Z)q
—(£-1)g-1
+ Z p9by 7k t=8/B)) o .
g=-{q
T g+ fq)) ]
t— | T—— , for0<t<T (13
P (T B (9 +4q ( ( B (13)
B

Recall Egs. (9) and (10) where
S(t) = I{(SB(t) + SISI(t) -+ SACI(t))

and
K=+vP(1-p)
We can see that s(¢) in the interval 0 < ¢ < T can now be calculated by substituting

Egs. (11), (12), and (13) into their appropriate positions in Eq. (10).

C. COMPUTATIONOF X = R/()Tls(t)lzdt, THE SIGNAL COMPONENT
OF THE DECISION VARIABLE
Looking at Fig. 1, we see that the filtered optical output of the Fabry-Perot
filter s(t) is passed to a photodetector. The output current of the photodetector
is R |s(t)|> where R is the responsivity of the photodetector (A/W). Thus, we can
see that the deterministic signal component of the decision variable at the integrator

output is

X=Rﬁﬂmwﬁ (14)

7




We have already derived sp(t), sisi(t), and sacr(t) for 0 < t < T. Directly
substituting these three signals into Eq. (10) yields s(¢) for 0 < ¢ < T. Now our true

task is to compute [s(¢)|? and [ |s(t)|%dt as R is an arbitrary constant.

s(t) = VP (1 - p)[sa(t) + srs1(t) + saci(t)] (15)
K (1)
Then
[s(t)[* = K2s'(t)s'(t)" (16)

and dropping the (%) notation for convenience in the three terms of s/(¢) and noting

that complex conjugation is a linear operator

s'(t)" = sp + 8151+ Shcr (17)
So
s'(t)s'(t)" = (sB + s1s1 + sac1)(sp + Sisr + Shcr) (18)
Multiplication yields
s'(t)s'(t)" = spsh+ sBSis; + SBShcI

+s1518Sp + S1515751 + S1SI1SUCT
+S4c18p + Sac1Sisr + SacISuc (19)

Rearranging and simplifying yields




]s(t)|2 = Kzs'(t)s'(t)* = K*x SBSp + S1s1S151 + SACISUCT
St Nt e e
lsBl? lsrs1l? [sacrl?

*
+ sBS1sr + 51515

2Re[sps]s;] = 2Re|s1s15p)

* *
+ 8BS o + SAcISE

2Re[spsac1] = 2Relspsiicq]

* *
+ 81815401 t S4CIS]SI

We will integrate each of these terms over 0 to T to compute [ |s(t)|2dt.

Substituting the appropriate definitions into the six terms of Eq. (20) yields
21 terms (“clusters of summations”) which are integrated from 0 to T. Also note
that we had to create several “gating” functions to turn off integrals when the pulse
function products in some of the 21 terms fail to overlap for certain summation
indices. Although intuitively obvious, see Appendix A [below Egs. (104) and (112)]
for definitions of the max and min functions which appear in some of the forthcoming
equations.

Recall that K = +/P (1 — p) and K2 = P(1 — p)?. Then we have

/ " 150t = K / " (t)s () dt = K / " |50t (21)

which has the following terms [see Eq. (20))

1 [ lonPat = P - 8, X 5 e (7 (22T)) o

g=0m:=0




T
K2/0 |srs1|*dt = Arsp + Brsr + Crsy (23)
where
{(-rg)—1
Arsr = P(1—p) Z Z Z > %o
i=~Lg g=—(1+1)g+1 r=—Lo m=~(1+7)g+1
in which

o = by by (min(g +(L+9)g,m+ (1 +7)g)
Y0, /H

ig)—1 -1 —(r—1)g-1

B[s[ = 2P 11— p 2 Z Z Z Z pg+mb0,ibo,rG1(g’iam7r)

t=—Lo g=—(1+i)g+17=~Lo m=-7g

in which
1 , .
E[(9+(1+Z)Q)—(m+rq)], form+rqg<g+(1+1)g
Gl(g,i,m,r) -
0, otherwise
and

-1 —(i-1)g-1 -1 —(r—1)g-1

Crsr = ¥ X X X P bosbo, [T - (max(g * iﬂq’ m Tq))]

t=-Ly g=—tqg r=—Lp m=-rgq

T
1{2/0 sact|*dt = Aact + Bacr + Cacr + Dact + Eacr + Facr (24)

where
+M/2  ¢-1 +M/2 g-1
Awcr=P(1=p)" 32 > 3 2/ xe
k=-M/2 9=0 n=-M/2 m=0
k#0 n#0
in which
A
k,0 nyom X v
[ej[(wk—wn)T—Wk(g/ﬁ)+wn(m/ﬁ)] _ ei[(‘*’k“"")(l/ﬁ)maX(gym)—wk(9/ﬁ)+wn(m/ﬁ)l] for k # n
o1 = ’
* ) 1
b ob} o €?L(wr/B)(m=3)] [T — — max(g, m)} , fork=n
—— /3
L |bkol?

10




+M/[2 -1 (—€q)- +M/2 ~1 (—rq)-

Bacr=P(1—-p)* > > E DD Z PP X 0y

k=—py2 ETLo=-(400+1 oy =mlm=—(14r)et

k#0 n#£0
in which
[—w wn(m/0 A
by b [ey[ -k(g/ﬁ)+ (m/B)] (ej[(wk_wn)(l/,@)mjn(g+(1+e)q,m+(l+r}q)] _ 1)},
k) n,T ](wk _ wn)
for k #n
Y2 =

b, (21001 [ mintg + (14 g+ (14110 ).

{ fork=n )

+M/2 -1 =(¢-1)g—1 +M/2 -1 —(r=1)g-1

Cacr=P1-=p Y. Y > oY > M xes

k=-M/2 t=-L g=-tq n=—M/2 r=-L m=-rq
k#0 n#0
in which
(b, b [ ' [cllan—on)T-x(a/un(m/ )] ‘
LYn,r ](wk _ wn)
o5 = —ellrmum)(1/B)max(gHgmtra)=wr(s/B)+un(m/B ’]]]’ for k # n
. 1
bk,lbszej[(wk/ﬁ)(m_g)] [T — Emax(g + fq’ m + rq):l , fOI' k=n

11




+M/2  ¢-1 +M/2 -1 —(r—1)g-1

Dacr=P1=p)* 32 > 3 X X v

k=-M/2 970 p=_pyp T="L m=-Ta
k#0 n#0

in which

1 : )

pItmb o b |: : [e][(wk—wn)T—wk(g/ﬁ)+wn(m/ﬁ)]
’ n,T ](wk _ wn)

_ej[(wk_wn)(l/ﬂ)ma‘x(grm+TQ)-wk (g/ﬁ)"}‘wn(m/ﬁ)]] ]

1

+p gtm px bnr l'_—____
k0 [_](wk _wn)]

[e—j[(wk-wn)T—wk (9/8)+wn(m/B)]

_ e illw—wn)(1/8) max(g,m+rq>—wk(g/ﬁ)+wn(m/m]}], for k # n

[bkob elln/OVm=a)l 4 bz b, =illr/B)(msg ]] pI+m

1
[T - Emax(g,m +rq)|, fork=n

12




+M/2 g-1 +M/2 -1 (

—-rg)—1
Escr=PQ—p* 3 > X X 2 ¥

k=—M/2 970 poopyp TEmLm=—(14r)e+1
k#0 n#0

in which

<p9+mbk0b* 1 [Frin) (e 047)0) 8) (0] 8) om0
h n,r](wk~Wn)

_ej[(wn/ﬁ)(m—g)]] )

1 .
+ | potmpr by e~ il(wk—wn)((m+(147)q)/B)—wi(9/B)+wn(m/B)]
(p BT =g (wk — wa)] [
Vs = 4
—e‘f[(“’"/ﬁ)(m—g)]])] Ga(g,m,T), for k#n
[brob, R 1 b7 by elenB)mal] prim s ..
1
(E[(m +(1+7)q) — 9]) Ga(g,m,r), fork=n
where

1, forg<m+(1+r)q
Gz(g,m,r) =

0, otherwise

13




+M/2 -1 (—€q)-1 +M/2 -1 —(r-1)g-1

Facr=P(1—=p) 3. X X 2 X X e

h=-pMy2 EmLo=—(40e+1 | __apy T=-L m=-r
k#0 n#0

in which

(p9+mbk b - 1 [ej[(wk—wn)((g+(1+5)<1)/ﬁ)—w(g/ﬁ)+wn(m/ﬂ)] ‘
o J(wk - wn)

_ej[(Wk—wn)((m'*'Tq)/ﬁ)“wk(9/ﬁ)+wn(m/ﬁ)]}

_+_pg+m bt pbnr _____1___ [e—j[(% —wn)((9+(1+€)q)/B)—wr(g/B)+wn(m/pB)]
T = (wk = wn)]

¥e
_6—j[(wk—wn)((m+w)/ﬁ)—w;c(g/ﬁ)+Wn(m/ﬂ)]}) Gs(g,€,m,T), for k #n

[bk eb* eIl(wk/B)(m=g)] 1 b gbk e~ l(wk/B)(m~ 9)]] POt X

(5t + 1+ 00 = (m +rg)) Galo,tom.r), for k=

where
1, m+rqg<g+(l+4)q

G3(97€amar) = {

0, otherwise

T T
[X’2A QRG[SB.S}SI]dt: 1{2/0 Q[SBS]S[]dt:

(=i

P(1 - p) Z Z Z P+ ™o 0bo i G4(g, 1, ™)

9=01i=—Lo m=—(1+1)g+1

g—1 -1 —(i-1)g-1

1
+2P(1=p)* >0 > D p™boobo T - 3 max(g,m + iq) (25)

g=0i=—-Ly m=-—1g

where

gm+u+wm~m g<m+(1+i)g
G4(g7 i’ m) =

0, otherwise

14




T T
K2/0 2Re[spsacr]dt = K2/0 2Re[spsaci)dt = Ap-acr + Bp-ac1 + Cp-acr  (26)

where
g-1 +M/2 g¢-1
Ap-aci =P(1—p)*Y. > D ¢r
g=0 k=—M/2 m=0
k0
in which
N L [eFenT=(r/) _ gion((mantm)=m)/2)]
R 15/
Ty b i@~/ _ g=on((maxtam)=r/5)]
T = gw]
¢-1 +M/2 -1 (—4g)—-1
Bpacr=P1-p"> > > > ¥8
g=0 k=—M]2 {==L m=—(1+4£)g+1
k#£0
in which

v = pg+mb0 obkl-L [ejwk((1+£)q/ﬂ) _ ejWk((g—m)/ﬁ)] Gs(g,¢,m)
hl ¥ ]wk ]

1

+p9+m b0,0bZ,Z [__]w]c]

[e-jwk((1+f)tI/ﬁ) _ e—m((g—mw)] Gs(g,4,m)

where

1, g<m+(1+4)q
G5(g,£,m)={ }

0, otherwise

-1 +M/2 -1 —(¢-1)g-1

Cp-ac1 = P(1 —p)* Z Z Z Z 9

g=0 k=—M/2 =—L m=-{g
k#0
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in which
0o = p"by ob s [eF(T=(n/8) _ gion{(mas(aim+40)-m)/6)]
T Jwk
by b [e=sx (T=(m/0) _ g =diel(maxtgmeta)-m) )]
CE =g wk]
T T
1(2/0 QRC[S?SISAc[]dt = [{2/0 2R6[5[5[8A01]dt
= Arsr-acr + Bisr-acr + Crsi-act
+Drsr-act + Ersr-acr + Fisi-acr (27)
where
(—ig)—1 +M/2 q-1
Arsr-acr = P(1 — p) Z > Y v
t=—Lo g=—(141)g+1 k=—M]/2 m=0
k#£0
in which
o0 = P b by o [+ E400=m/8) _ 1] Go(g, i, m)
] 1 ]wk )
1 ‘ _
+ o9t ™ b, b e~ Jwkl(1/8)(g+(1+3)g)~m/B] — 1| Gs(g,1,m
p 0,:Yk,0 [—]wk] [ ] G(g )
where

otherwise

-1 +M/2 -1 (—tg)-

Brsr-acr = P(1 - p) Z Z DD Z P11

1=—L g_—(1+z)q+1 k= M/2 f=— Lm——(l+[)q+l

k0
in which
o = b by [eFr(/8) i 1 daimt (1 06) /] _ gt/
T Jwy
+p g+ mbOzbZz 1 [e—jwk[(l/ﬁ)min(g+(1+i)q,m+(1+€)q)—m/ﬁ] _e"jwk[’m/ﬁ]}
[ ka]
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-1 +M/2 -1 —(£-1)g-1

Crst-acr = P(1 — p)? Z Z oY > e

1—‘[10 g—_(1+1)q+1 ;C=__M/2 {=—L m—_eq

k#0
in which
1 .. . ‘
_ +myp gt gwe[(1/8)(g+(14+4)a)-m/B] __ iwk[te/B]
P12 = [Pg bo,ibk,¢ o {61 k e’k }
+pg+mboi - [e—jwk[(l/ﬁ)(g+(1+i)q)~mm] _ e—jwk[fq/ﬁ]]] G7(g,i,2, m)
CE =g
where '
1, m+£g < g+(1+1i)g
G?(ga iv Zv m) -
0, otherwise
-1 —(i=1l)g-1 +M/2 g¢-1
Disp-act=P(1—p)" Y. > Y Z‘Pls
i==Lo g=—ig Mm/pz2 ™
k£0
in which

1 ‘ . :
13 = pg+mb0’ibk’0;w_k [erk[T-'(m/,@)] _ erk[(l/ﬁ)maX(g+tq,m)—-m/ﬁ]]

+p5 by b [e—jwk[T—(m/ﬁ)l — e~ iwkl(1/6) max(g+iq,m)—m/ﬁ]]

1
O—jwr]

~(i-1)g-1 +M/2 3 (—4q)-

Ersr-acr = P(1 - p) Z > DD Z 14

i=—Lg g=-1iq k=—M/2 £=~L m=—~(14£f)g+1
k#0

in which

1 . . ‘
o4 = [p“’"bo,,-bk,e;;— [l A/ENA+] _ ionl1/0)(o+ia)—m/ ]

k

+p7 " bo,ibg 4

] o810 _ gmianl/9)asiay=m/81]| G (g,i, ,m)
: [_jwk y by 4y
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where ‘

1, g+i1g<m+(1+4)q

GS(g7ia€am) =
0, otherwise
-1 —(i-1)g=1 +M/2 -1 —(f-1)g—-1
Fispaci=P(1=p)* > > Z YooY e
1i=—Lg g=-1q =—M/2 {=—L m=-{q
k#0

in which

Pis = Pg+mbo,ibk,z a—

! [T =100 _ g4/ maxtaig et ]
JWk

1
[—Jwr]

pg+mb0 b, [e—jwk[T—(m/ﬁ)] — e~ Iwkl(1/8) max(g+iq,m+fq)~m/ﬁ]} (28)

We have now laid down all terms of

/OTys(t)Pdt — K? /OTs’(t)s’(t)*dt = K? /OTls’(t)|2dt
This will be used to compute the deterministic signal detection statistic X where
X=R / O
This will be used to compute probabilities of bit error for the dense WDM system.

D. THE DECISION VARIABLE Y
The decision variable Y appears at the output of the integrator (see Fig. 1).
It consists of a signal component X, which was presented in Section C, and a noise

component N

Y=X+N (29)

where

X=R / )|2dt (30)
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and
T
N = / n(t)dt (31)
0
We note that n(t) is a zero mean Gaussian random process with two-sided current
spectral density Ny (A%?/Hz), and N is a zero mean Gaussian random variable with
variance NoT. Y is compared to a threshold V7 to determine whether a “0” or “1”

bit is presented at the output.

E. PROBABILITY OF BIT ERROR FOR THE DENSE WDM
SYSTEM
For a detection threshold Vz and an ACI/ISI bit pattern v, = {be, bo;} for
k=-M/2,---,+M[2,k #0,¢{ = —L,---,0, and ¢ = —Lg,---,—1; the conditional
probability of bit error for the dense WDM system utilizing the decision variable Y
described by Eqgs. (28)-(30) is given by [2, 4]

v = g (R0 4 o (= Talt)) (32)

where

Qa) = == [ ey (33)
X, is the value of X given by Eq. (14) or (30) with the value of f7 |s(¢)|d¢ obtained
by summing Eqs. (22)-(27) when by = 0. X, is obtained in the same manner with
boo = 1. The average probability of bit error P, is given by taking the expected value
of P,(¢,) given in Eq. (32) over all possible bit patterns ¢, [2]. Let us define an
ACI/ISI bit pattern set ¥ = {¢p}; p = 1,---, NPAT. NPAT is the total possible

number of bit patterns in the set ¥» = {1,}. Then

Py = {ﬁ} {Pe(5)} (34)

If we count up the number of independent bits in ,, there are M(L + 1) + L bits.

Using the assumption that a 0 or 1 is equally probable, we see that there are two
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possible ways to fill each bit position. Then, by the generalized multiplication rule, if

we let NP AT be the total number of possible bit patterns in the set ¢ = {¢,}
NPAT = (201(2)2- - - (2)m(p41)41, = 2MEFDFLe (35)

If we assume that all bit patterns in 1) = {1, } are equiprobable (an excellent assump-

tion), then by the law of total probability

1 1 1
Py = artrnrie L (W) + Sarengry Pe($2) + 00 4 ML Le(Ywpar)

and
1 NPAT
Po = g 2 Pelv) (36)
p=1
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IIT. NUMERICAL RESULTS

We attempt to generate four probability of bit error graphs. We limit our

expression for X given by Eq. (14) or (29) and the sum of Eqgs. (22)—(27) by setting
Ly=1 L=0 ér =0

and

_ 2rkl
T

Wi

where k is an integer and I is the normalized channel spacing integer (1 > 0). When
we do this, our 21 terms (“clusters of summations”) reduce to ten terms (“clusters
of summations”). In the interests of brevity, we refer the reader to Appendix B for
the details on how we came up with the ten programmable terms of X for this case.
Referring to Appendix B, the probability of bit error equations we use to generate
these graphs mirror the equations presented in Chapter II, Section E. Referring to
Appendix C, one finds the programming strategy for the ten terms and the final
graphs, the actual programs for each of the ten terms, and the final four graphing
programs which produce one graph each. Each of the four graphs plot probability of
bit error versus signal-to-noiseratio Z = R P\/-T/_N; in dB. Each graph has five traces.
One trace shows either Single Channel (SC) operation without Fabry-Perot (FP)
filtering or SC operation with FP filtering and without ISI and ACI for comparison
with the other four dense WDM traces. The other four traces show probability of
bit error versus Z (dB) for four selected values of the normalized channel spacing
integer I, or equivalently the number of adjacent channels M. See Appendix C for
the relationship between I and M. Each of the four graphs is plotted for a different

value BT, the free-spectral range-bit period product. We also note that the four
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graphs are generated with

p = Single Cavity Fabry — Perot Filter Power Reflectivity = 0.99

We now present the values of 3T the four values of M, and the corresponding
values of I used for each of the four graphs. Each separate value of M, or equivalently
I, produces one of the four dense WDM traces for use in comparison with the fifth

trace showing single channel operation.

For Fig. 2: BT = 500 and

M=1124 98 60 24
N N -
L I=4 =5 I=8 I=20]
For Fig. 3: BT = 1000 and
M=\ 1 0 ds
L I=5 I=6 I=9 I1=20
For I'ig. 4: [T = 1500 and
M= 212 164 124 T4
o= <Oo—~
L I=7 I=9 I=12 [=20J
For Fig. 5: BT = 2000 and
M= 1248 220 164 98
<~ —~ =~
L I=8 I=9 I=12 1=20 ]

Looking at Figs. 2-5, we see that only Fig. 2 (8T = 500) is a complete graph.
For BT = 500 we were able to compute all ten terms of X (see Appendix B) for all
four given values of M, or equivalently I, and completely compute and simulate all ISI
and ACI effects of our complete model given the constraints given at the beginning of
this chapter (Lo =1, L =0, ¢, =0, wy = 27kI/T). For Figs. 3-5 (3T = 1000, 1500,
and 2000, respectively), we were unable to arrive at a solution for Eq. (24) (see Term
#5 in Appendix B), which is the very important K2 [T |sacr|?dt term. It is very com-

putationally intensive as it involves computing a quadruple summation multiple times
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Figure 2: Probability of bit error vs. Z (db) for BT = 500.
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24




Pb

10 T 1 1 1 T ]
10~ b .
=7
N
NN =9 1
\
N =12
\
' I =20
107 \ -
\ .
sc \\ \
\
\
\
\ 4
\
\
\
10'15 1 i 1 1 [
10 11 12 13 14 15 16

Z (dB)

Figure 4: Probability of bit error vs Z (db) for AT =
accurate (within 1/16 dB).

25

1500. Only I = 20 trace

17




10 T T T T T T
107° | .
NN
£ AN
\
\ |=8
\
\\ =9
-10 .
10 N | I=12
\
SC \\ I=20
. \
\
\
\
N\
\
10“5 ! i ! { ! 1
10 11 12 13 14 15 16 17

Z (dB)

Figure 5: Probability of bit error vs. Z (dB) for ST = 2000. Only I = 20 trace
accurate (within 1/5 dB).
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for the various adjacent channel bit “loadings” (see Appendix B for the details),
as well as having to repeat the same very lengthy calculations for each of the four
given values of M, or equivalently /. However, we will still be able to draw some
conclusions for the I = 20 traces of these graphs as the channel frequency spacing

between adjacent channels given by

I
Af=g 2 =5=IR (37)

where R, is the channel data rate or channel bit rate. Note that Af is proportional
to 1. At these larger frequency spacings, ACI effects become quite negligible. Equa-
tion (37) explains why we call I the normalized channel spacing integer as adjacent
channels are separated from each other at an integer multiple I of the bit rate Rs.
Let us assume a system design of a filter free-spectral-range # = 3800 x 10° Hz =
3.8 GHz. Then we can say that for BT = 500 our bit rate Ry = 7.6 Gb/sec, for
BT = 1000 our bit rate is Ry, = 3.8 Gb/sec, for ST = 1500 our bit rate is R =~ 2.5
Gb/sec, and for BT = 2000 our bit rate is Ry = 1.9 Gb/sec. It is noteworthy that, in
the time domain model, calculating probability of bit error as presented in Chapter
II and Appendix A is easiest for the highest channel data rate R, or equivalently the
smallest bit period T'.

We define power penalty as the increase in signal-to-noise ratio required for the
dense WDM system to achieve a 10~!° bit error probability over the Single Channel
(SC) system which achieves this goal operating at Z = 12 dB. We can now make
some power penalty statements.

Looking at Fig. 2 (BT = 500) we see that the power penalty increases as [ |
decreases, or equivalently the number of adjacent channels M increases. Looking at
Eq. (37), we see that as I decreases, the interchannel frequency spacing A f decreases.

Thus, it is logical that ACI effects would increase. In short, the channels become much
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more tightly “packed”. Looking at the results for Term #5 in Appendix C when
BT = 500 we see that the magnitude of the contribution for I = 20 is only about two
to four percent of the contribution for I = 4. Returning to Fig. 2 (8T = 500), we
see that the power penalty for / = 20 and M = 24 is approximately 2 1/8 dB; for
I =8 and M = 60, the penalty is approximately 2 3/8 dB; for I = 5 and M = 98, the
penalty is approximately 2 7/8 dB; and finally for I = 4 and M = 124 the penalty is
approximately 3 1/2 dB. It is in this case of I = 4 and M = 124 that we see the true
beauty of dense WDM. If we assume 8 = 3.8 G Hz, then the channel bit rate R, is
7.6 Gb/sec, and the aggregate system bit rate R, is 124 x 7.6 Gb/s = 942 Gb/sec,
which is quite close to 1 Tb/sec (1 Tb/sec = 10'? b/sec). Thus, for slightly more than
doubling the signal-to-noise ratio Z = RP\/]W, we have increased the aggregate
bit rate of one single fiber close to a terabit per second. Also, the dense WDM
system utilizes a noncoherent receiver and, thus, is much cheaper to implement than a
coherent optical FDMA network with expensive synchronization circuitry. Looking at
Z, however, we see that increasing signal-to-noise ratio is not that easy to do. Upper
limits have already been approached in making low-noise current amplifiers; thus, the
true technical problem to be solved in the dense WDM system utilizing single-cavity
Fabry-Perot filters is to place an optical amplifier before the FP filter (see Fig. 1)
to boost the received optical power P. With this problem solved, economical dense
WDM systems utilizing single-cavity FP filters with aggregate bit rates with many
terabits per second are possible.

Now, in Figs. 3-5 we have already seen that at I = 20, the effects of ACI
become quite negligible as the channels are spaced farther apart in frequency. Thus,
we can conclude that the I = 20 probability of bit error traces are accurate for
BT = 1000, 1500, and 2000. The rest of the traces for I < 20 are not. A manuscript in

preparation by Tri T. Ha entitled, “A Discrete Time Approach to Sensitivity Analysis
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of Direct Detection Optical FDMA Networks with OOK Modulation,” considers the
same problem as this thesis, but uses a discrete time approach. The probability of
bit error graphs in this future paper are generated with the same parameters used for
this thesis. For the discrete time approach, the N = 3T = 1000 and 1500 traces for
I = 20 match the I = 20 traces for this thesis to within less than 1/16 of a dB, and
the N = BT = 2000 trace for I = 20 matches the one in this thesis to within 1/5 of
a dB.

Finally, using the case 8T = 500 we feel that our time domain model is very
accurate as Fig. 2 agrees with the corresponding discrete time graph for N = 500 to
within 1/4 of a dB for I = 4 and M = 124, agrees to within 1/8 of a dB for / =5
and M = 98, and matches almost exactly for I = 8 and M = 60, and I = 20 and
M = 24. These differences are well within the realistic bounds of numerical error as

our time domain approach requires many billions of calculations.
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IV. CONCLUSION

We have presented a complete model and equation for the probability of bit
error of an OOK, dense WDM system employing single-cavity Fabry-Perot filters
as channel demultiplexers. Our expression completely models Inter-Symbol Interfer-
ence (ISI), Adjacent Channel Interference (ACI), and phase offset between Channel
0 and Channel k for all M of the adjacent channels. No simplifying mathematical
assumptions have been made to arrive at the final answer contained in Eq. (14), Eq.
(29), and the sum of Egs. (22)-(27). Others [1, 3] have worked on this problem;
however, the solution is arrived at in the frequency domain and often involves sim-
plifying mathematical assumptions [1, Egs. (15), (36), (39) and 3, Eq. (5)]. The
closed form expression we have presented for probability of bit error for the dense
WDM system, although mathematically rigorous and an extremely complete model,
has one significant drawback—it is extremely computationally intensive. The single
complete graph for probability of bit error when BT = 500 took three months to
compute using multiple SPARC 10 workstations working 24 hours per day. Even for
our limited case of Ly = 1, L = 0, wy = 27kI/T, and ¢, = 0, we never arrived at
solutions for the other three values of ST = 1000, 1500, and 2000. The solution is to
use a discrete time approach. Again, we are confident of the accuracy of our model
as the same problem was attacked independently via discrete time approach, and our
graph for BT = 500 matched the discrete case of N = 8T = 500 to within the bounds
of numerical error. Finally, we again mention that to practically implement dense
WDM systems with aggregate bit rates of many terabits per second, large increases

(doubling, tripling, ...) in the SNR of the dense WDM system over that required for a




single channel system are necessary. To accomplish this an optical amplifier will have
to be placed in front of the Fabry-Perot filter to greatly increase the filter’s received

optical power.
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APPENDIX A

DERIVATION OF [ |s(t)|%dt FOR USE IN X =R [T |s(¢)[?dt

Before we begin the derivation of [ |s(t)|?dt, we must first define the variables,

equations, and terms involved:

Y — The decision variable appearing at the output of the integrator (see Fig. 1)

according to

Y=X+N
X — The deterministic signal portion of the decision variable

T
X = R/ |s(t))*dt
0

R|s(t)|* — Output current of the photodetector
R — Responsivity of the photodetector (A/W)
n(t) — Postdetection thermal noise with two-sided current spectral density No (A%/Hz)

N — Random signal component of the decision variable Y. N is a zero-mean, Gaus-

sian random variable with variance NoT'
T
N = / n(t)dt
0

p — Power reflectivity of the single-cavity Fabry-Perot filter
B — Free spectral range of the single-cavity Fabry-Perot filter (Hz)
T — Data bit period (s)

P — Received optical power (W)
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1, 0<t<T
pr(t) — { 0, otherwise } (38)
Desired Channel/Channel of Interest — Channel 0
Adjacent Channel — Channel k, k = —M/2,---,—1,1,---,+M/2 where M is an
even integer
boo — The detected bit of interest in the interval 0 <t < T
bo; — Bit in Channel 0 during the :*® time interval [iT, (i + 1)T] where
bo’i E {O, 1}
by, — Bit in Channel k during the ¢* time interval [£T, (¢ + 1)T] where
bk,g € {0, ej(ﬁk}
and
i=v=I
¢r — Phase offset between Channel 0 and Channel k. ¢, is assumed to be a uniformly

distributed random variable between [0, 27]

¢r ~ U[0,27]

wr — Radian frequency spacing between Channel 0 and Channel k. Channels are

symmetric around Channel 0, i.e.,

W = —W_j
h(t) — Impulse response of the Channel 0 single cavity Fabry-Perot filter
O = (=) 306 (1= ) (39)
g9=0 B
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6(t) — The Dirac Delta Function defined in two parts
0, t<0
8(t) = { 0 £ 0 } (40a)

and
ot

/ §(t)dt = 1 (40b)

bo(t) — Complex baseband equivalent data signal in Channel 0

0
bo(t) = > bospr(t—iT) (41)
1=—Lo
Lo — An integer greater than zero representing the number of bits in Channel 0 that

are trailing the detected bit bg .

be(t) — Complex baseband equivalent data signal in Channel &

0
bk(t) = Z bk,ge]w"tpT(t - ET) (42)
{=-L
L — An integer greater than zero representing the number of bits in Channel k£ which

trail the 0" bit in Channel k&, by .

r(t) — Received complex baseband signal at input of the Channel 0 Fabry-Perot filter
+M/2 )
r(t) = VPbh(t)+ Y. VPb(t) (43)
k=—-M/2
k#£0
We now begin the derivation of [ |s(t)|?dt which allows the computation of

T
X:R/lmW&
0

where s(t) is the output of the Fabry-Perot filter with an impulse response of h(t)

0, ] 2
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A :1“”2 ( 5)

M/2
) =VPhO+ Y. VPh()

k=—M/2

k£0

As stated before

Substituting Eqs. (41) and (42) yields

+M/2 0
( Z bOsz t— ZT) + Z Z bk gejwkt t — ET)) (44)
i==Lo k=—M/2 ©
k#0

We are interested in the detected bit by o during the detection interval 0 < ¢ < T, so

we need only evaluate s(t) = ro(t) in the interval 0 < ¢t < T

st =ro(t) =)+ h(®) = [ ht—ryr(r)dr = [~ rt—)h(r)ar  (45)
s(t) =ro(t) = r(t) h(t)
= h(t) *r(t)
+M/2
= h(t) (ﬁbo(t)+ﬁ 3 bk(t)> (46)
k=—M]/2
k£0

As convolution is a linear operator and distributes over addition

+M/2
(t) = ro(t) = (ﬁ b)) VP S hit)+ bkm) (47)
k=-M/2
k£0
+M/2
s(t) = ro(t) = \/I—j<h(t) * bo(t) + Z h(t) * bk(t)) (48)
k=-M/2
k£0
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Now looking at the term within the parentheses

+M/2 0
h(t) * bo(t) + D h(t) * be(t) = h(2) * _Z boipr(t —iT)
k=-M/2 i==Lo
k#0

+M/2
+ Z h Z by gejwk gT) (49)
k=—M/2
k#0

Applying the distributive property of convolution

+M/2
h(t)xbo(t) + D h(t) = byt Z h(t) * (bopr(t —iT))
k=-M/2 i=-Lo
k#0

+M/2 0 '
+ > Z h(t (bk,ge]“”‘tp;r(t — KT)) (50)
k=—M/2 =
k#0
Expressing convolution in terms of its integral definition

+M/2

h(t)xbo(t) + D h(t) = bi(t Z / h(t — 7) [boipr (T —iT)] dT
k=—M/2 i==Lo _

k#0 Al

+M/2
+ Z Z / h(t — 1) bk € T pp(T — ZT)] dr (51)
k=-M/2 =L
k#0

B
Substituting the expression for h(t — 7) [Eq. (39)] into term A;, above
= Z / (1- Z p°6 ( -7 = —) bo ;pr(T —¢T)dr (52)
Z_—Lo IH
Factoring (1 — p) and interchanging the order of integration and summation yields

A =(1-0p) Z Z pgbm/ (t -7 — %) pr(t —T)dr (53)

i=—Ly g=0
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Using the identity: [*2° z(¢)6(t — to)dt = z(to), the integral evaluates to

pr(t — g/B —1T). We then have the following for A;

A = Z/ h(t — 7) [boipr(m —iT)] dr

1=—Lg
0 o]
= (=) X 3 phrr (1= § - i7) (54)
i=—Lo g=0
Recalling the expression for
M2 0
Bi= > Y / h(t — 1) bk L& pp (T — ZT)] dr (55)
k=—my2 =L
k#0

Substituting the expression for A(t — 7) given by Eq. (39) into Eq. (55) above, we

obtain
+M/2
Bi= Z / (1—p) Zp%( —7‘——~) [bkge]“’” (T—ET)]CZ (56)
k=—mMy2 =" 9=0 P
k#0

Factoring 1 — p, interchanging the order of integration and summation, and factoring

bie and p? from the integral

+M/2 0
Bi=(1-p) > > Zpgbkg/ (t -7 = %) e  pp(r —LT)dr  (57)
k=-My2 =Lo=0
k#£0

Applying the property [T z(¢)6(t — to)dt = z(to)
/oo ) (t -7 — %) ek pr(r — (T)dr = elor(t=(a/B) . (t — % — KT) (58)

Substituting Eq. (58) into Eq. (57) yields
+M/2

B, = Z Z / h(t — 1) bk gej“’”pT('r — ET)] dr
k=—Mj2 =L
k#£0

+M/2 0
SECRUED VD vb o WS CE oY (R B O
k=—Myp =190 p
k=£0
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Substituting Eq. (54) and Eq. (59) into Eq. (51) and then substituting this result
into Eq. (48) yields

s(t) = ro(t) = VP|(1-p) > i p°boipT (t - % - z'T)

X 1=—Lg g=0
Ay
+M/2 0 g
+(1-p) 2 Z S pPby g er =610 (t— E‘”)] (60)
k=—my2 =190
k#0
By

We can now factor out (1 — p) from our expression above. Then

s(t) = ro(t) = VP (1-p) [ ) Zpgbo,pT< —%—iT)

i=—Lo g=0

+M/2 0 g
+ 2 Z Zl’gbk (e? =Py (¢ ( 5" ET)} (61)
k=—My2 =-L9=0
k=£0

Looking at Eq. (61). We separate the terms involving the detected bit of interest in
Channel 0, b o, the trailing bits in Channel 0, by,; 7 # 0, and the terms involving bits
in the other channels, by ¢, k& # 0

) = o) = YP (=[S e (¢ - 5)

=0
K ~ _

sp(t)

-1 [o%)
+ 3 S pbospr (t - % - z'T)

i:—Lo g=0 P
31;;(t)
+M/2 0 g
+ > ¥ Zpgbk dok(t=(a/B) pr [ ¢ ( ~3 _gT)} (62)
{=-—-L g=0

k=—M/[2
k#0

~ s




where sp(t) is the desired signal, s;s;(t) is the Intersymbol Interference (ISI) signal,
and s4c(t) is the Adjacent Channel Interference (ACI) signal. Using this compact

notation, we have
S(t) = T‘o(t) =K (SB(t) + S[S](t) + SACI(t)) (63)

Sketching sg(t) for by = 1

-- -~ VP(1-p)

T 1.5T

We can also sketch the intersymbol interference due to the trailing pulses in Channel

0

r

L 4

l | | / l | | n
—oT -T  —05T (05T T 15T

ISI contributions to the pulse of interest

Now let us assume in one pulse interval T that

(64)

|~
Il
Fw)
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where 1/ divides evenly into the period T making ¢ an integer quantity. We are only
interested in the detection interval 0 <t < T, so we only need to evaluate s(t) = ro(t)
in the interval 0 < ¢ < T. Looking at the desired signal, which is the system response

to the bit of interest bg g

sp(t) = p’boopr (t - %) , for 0 <t < o0 (65)

g=0

Assuming boo = 1, sp(t) appears as

‘\sa(t)
AN 0<t<T T <t
Nl I
0
3\_.....___
P~ _-_]-
I
t
2
0 T T+E 2T
1 2 3 q 1 q
- = = += T+ - T+~
B BB R B S DO
LA T+5 T+ =
p 2] B

We can see that, during the interval 0 < ¢t < T, the response is a sum of scaled,

shifted rectangular pulses. Therefore

T

g-1
SB(t) = Z Pgbo,oPT —_— (t - 'I%) y for 0 S t S T (66)
g=0 (T g)

B

We now direct out efforts towards developing an expression for sys;(t) during the

interval 0 < ¢t < T. We begin by examining the ISI term for 7 = —1 in Eq. (62),
denoted by —11S51.

—IISI=Zp9b0,_1pT (t—%+1T), for —T <t< oo (67)
9=0
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By examing the sketch of —~11ST

0 7
p
17"~

W R R

p

[
1 2
-T 0o - = T
. B B
T+B‘
2 qg—1 2q—1
-T+ - “T+— -T+—"21—
B B B

we see that —1151 will also be a sum of shifted, scaled rectangular pulses for 0 < ¢t <

T. The —11ST expression will have two parts, the first of which is

g—1
—1ISI(1) =) pbo—1pr (ﬂ];(t)> , for0<¢<T (68)

g=1
But with the ¢'™ shift we no longer sum scaled pulses beginning at ¢t = 0 and end-
ing at 1/8,2/B, -+, but now we sum pulses which progressively scale and begin at
1/B,2/B,:--, and end at t = T. This second part of the expression looks much like

the expression for sp(t) during the interval 0 < t < T [Eq. (66)]. Thus, we may write
the second part of —1151

2q—~1 T

—11SI(2) = g;pgbo,_lpfp (T—(g;")) (t— (9%‘1» ,  for0<t<T

(69)
Then, since —~1ISI = —11SI(1)+ —11SI(2) for 0 < ¢t < T we have

g—-1
—1I8] = Zpgbo,—lpr (ﬁ];(t))

9=1
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2q-1

T —

+ Z pgbo'_lpT (t - (g——q'>> 3 for 0 S t < T (70)

= (T B (g - q)) p
g

Examine the 15T term for ¢ = -2 in Eq. (62), —2IST

—21ISI =) bo_20°pr (t-—%—{—QT), for —2T'<t< oo (71)
g=0
We sketch —21S51
P
.
p?
l r
2 2
-2T -2T + E -T -T+ -ﬂ- 0 T
1 (1) (2¢ - 1)
~2T + — -2T + \l 2T +
g oo b (3¢—1)
~T 4~ o4
B B
By analyzing this sketch, we can obtain
2g-1 ,HT(t)
—21ISI(1)= Y p%bo—2pr , for0<t<T (72)
g=q+1 (g - q)

and

3g-1 T
-2 ISI(Z) = Z pgbo,_ng

(- (=2)) (- (52) |

for0<t<T  (73)

Note: These rectangular pulses shift into the interval 0 < ¢ < T on the 2¢*" shift.
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Similar to —1751: —21SI = -21SI(1) + —2151(2) for the interval 0 <t < T

—218] = {jl pobo_apr (ﬁT(t)>

9=q+1 9—4q

= 9-2g

+g§qﬂgbo,_2pr (T_é%?fi)) (t—( 5 )) ,  for0<t<T (74)

We now examine the —31S57 term to ensure recognition of a pattern, if any, that will

allow us to write an expression for sisi(t) for0 <t < T.

—-3ISI=ZpgbO__3pT (t—%+3T>, for —3T <t < (75)

g9=0

From the sketch of —37S7

1 /] ="
L R
p~t

l

Y

T -2T -T 0

1! -1 i 2¢—-1) ' 3¢g—1
T+ 3:r+( ﬁ) 3T+<—-—ﬂ ) 3T+(T )

we may write directly

3g-1
-3JI8I = Z Pgbo,—spT (ﬂ@l)

9=2+1 9-2

« T 9—3q

+g=23qub0’_3p:p (T_<£lﬁ§i)) (t—(——ﬁ——)> , for0<t<T (76)

Then from Eqs. (70), (74), (76), the expressions for the —1IS1, 2181, and —3ISI

pulses, we are ready to use the pattern developed to write an expression for the ISI
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between 0 < t < T. Recalling

-1 0o
sisi(t) = E Z p%bo ipr (t — —Z— - iT) , for — LyT <t < o0 (77)

i=—Lg g=0

we may write directly from the pattern developed

-1 (—ig)-1

sisi(t) = Y, Y. pbopr (g__@:(_tl__>

—(i-1)g-1 g + lq

CE e )| s

We now have expressions for sp(t) and s;sy(t), during the interval 0 < ¢t < T. We

have only the ACI term s cr(t) to calculate

+M/2 0 1) ]
saci(t) = Z Z Z PO by e r = (9/0) g (t - % - £T) for — LT <t<
{=-L g=0
k=-M[2
k#0 *

(79)
* Note: This portion of sscr(t) is almost exactly like the ISI term with which we
just worked [see Eq. (62)]. The only difference is the complex exponential factor.
Looking at the 0*f term of the ACI in the k*" channel
0ACI =) pOby gl k= (/BO) (t - %) , for0 <t < oo (80)
9=0 !

we sketch 0ACT
poejwkt 4
plein(t=(1/8) 7]
pZejwk(t—(ﬂﬁ)) 0 R

- -

==
™|




We see, that in a manner similar to the sg(t) signal, the pulses add as before, but
now the amplitude of the pulses is modulated by pfe/“x(t=(9/8)) versus just p? before.

Then

q-1 ] T
0ACT = 3~ pby ge?+(t=(0/B) g, —._> (t = %) : for0<¢t<T (81)

g9=0 T_g
B

The —1ACT will be similar to the —1157 term [see Eq. (70)]. However, now we not

only have p? but also the complex exponential gated by the pulses in the summation.

-1
~1 ACI = ?Z by 3= (a8 <5T(t))

g=1 g

29-1 ) T g—q

+ Z pgbk‘*lewk(t—(g/ﬁ))pT (t - (—)) , for0<t<T

= (T B (g —q B
g

(82)
The derivation of —2ACT and —3AC will proceed in a similar manner as —2157
and —3IS71 [Egs. (74) and (76)]. We see that two different type pulses gate the
product of p? and a complex exponential term. These gated terms are then summed
over the period 0 to 7. We then use our expressions for 0ACI, —1ACI, ... to write
an expression for sacs(t) during the interval 0 < ¢ < T in a manner similar to the

srs1(t) expression. We may now write the final expression for the ACI

k=-Mj2 | 970 T — %
k0

+M/2 q—1 ) T g
saci(t) = > lngbk,oew"(t_(gm))PT ——> (t"ﬁ) ]

1 (—29)-1 . T(¢
+ Z [ Z pgbk,ge’w"(t_(g/ﬂ))pT ( __—ﬁ (®) )

{=-L g:—(1+2)q+1 g + (1 + g)q

—{¢-1)g-1
LY b eintlalo) o .

g=—4g
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p

We have now derived sp(t), srs1(t), and saci(t) during the interval 0 < ¢ < T. We

(e (S| I

now develop the expressions needed to compute |s(t)|* and JT|s(t)|?dt. Substituting
the expressions for sp(t), srsr(t), and saci(t) for the interval 0 < ¢ < T into Eq. (63)

yields s(t) in the interval 0 <t < T

s(t) = \/75(1; p)lss(t) + s1si(t) + saci(t)), for0<t<T (84)

K s'(t)

where sp(t), srsi(t), and sacr(t) are described by Egs. (66), (78), and (83) respec-

tively. Then
|s(t)[? = K*5'(t)s'(t)" (85)

Dropping the (t) notation for convenience in the three terms of s'(t) and noting that

complex conjugation is a linear operator

s'(t)" = sp + Sisr + Sacr (86)
So
s'(t)s'(t)" = (sB + sis1 + sac1)(sp + $1s1 + Sacr) (87)
Multiplication yields
s'(t)s'(t)* = spsp+ $BSisr + SBSact

* *
+51518p + 81518151 + SISISAcK
+sac1Sp + SaciSisr + SaciSacr (88)

Rearranging and simplifying yields

|S(t)|2 = ](23'(t)s'(t)* = I(Z X [3353‘3 + S[SIS}SI-}- SACIS:{CI
N N N e’
lsBl? Isrs1l? [sacrl?
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+ sBS1sr + S1sISE

2Re[spsisr) = 2Re[srs18%)

*
+8BSacr + SacISB

2Re[spsac1] = 2Re[spsycy]

* *
+ 81818401 + SACISIST

QRG[S;SISAC[] = QRC[S]S[SZCI] (89)

We will integrate each of these terms over 0 to T to compute [ |s(t)|?dt. To avoid
confusion, we must realize that constant K? must be carried through to the final

calculation of all quantities. Recalling Eq. (66)

g-1 T

sB = g;)pgbo,opfr @ (t — %) (90)

We know by; € (0,1), p? is real, and pr(-) is also real. Then
sp = sy (91)

and
2

T

q—1
o5t = | 5 b ————-(t-—-‘q—)
I B| g};}/’ 0,0PT ( g) 3

~~

92)
Factoring boo as it is a constant to the summation, we obtain
2
2 2 = T g
lsgl* =8 | D p'pr (———)- (t - E) (93)

g=0 g

T_ 2
B
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Performing the squaring operation yields

|3B|2 = bg,o gz;%mz_::oPMmPT (—T!}_j (t — %) pr Gw—_T_C”__—j— (t — %)

B g
(94)
Then
g—1 g—-1 T g
Kolspl’ = P(L=p)8 |5 07 7pr t- aIE
g=0m=0 (T . :2) ﬁ
g
pr ——TT(t—%) , for0<t<T  (95)
T
(-5)
Now we want to compute [ K?|sp|?dt [see Eq. (89)].
T g—1 g-1
| Klssfdt = P(L=p)tio ) 3 o7 x
0 g=0m=0
T T
/ pr (f—-g) Dpr T (t__.ﬂ) dt
EMR (A
) g 3
Y
(96)

Looking at Eq. (96), we have interchanged the order of integration and summation.
As the pulse functions are the only functions dependent on time in the expression,

we look at the product of the two unit amplitude pulse functions in 7
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4 [ ]=> Product is 0

F/ )= Productis 1
7

T

g m
B g
We have arbitrarily assumed that m > g, but our logic would also work if we assumed
g > m. The product of two pulses is 1 for m/8 < t < T and 0 otherwise. Thus, we

see that the integral of the product of the two pulse functions in n will be a square

area of height 1 x (T'— largest of g/8 or m/fB). Thus

T 1g-1
/ I(2|SB|2dt= 1_p2bgozng+m( _(Tﬁiﬂg_ﬂ)), for0<t<T
0 =0m=0
(97)
where max(g,m) is defined by

max (1, z3): Choose largest of z; or x5, which are both positive.
If z; = z,, then max(z,,z,) = z, = z,.

We now need to compute fOT K?*s;s7]*dt. We see from Eq. (78) that s;g; is real and

not complex since by; € {0,1}. Thus

sist=s1s; and  |spsr]? = s, (98)

Isisi|* = Z (ﬁl Pgo:PT( PI(Y) )

t=—Lo g=~(1+1)g+1 + (1 + 7,)

a

-1 —(i-1)¢-1

+a=-ZLo g:z_,'q Pbospr (T— <§+iq)) (t— (g-;iq)) (99)

N
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To perform the squaring we set up another version of a + b with the g-index changed

to m and the i-index changed to r to account for cross-product terms. We call this

new representation ¢ + d. Thus

|3151[2 = (a + b)(c+ d) :\a’cJ—F ad + be + bd

L
A B ¢

Performing the multiplications yields

~—~—
D

A=ac = Z Z Z E PPt b ibo » X

t=—Lo g=—(14¢)g+1 r=—Lo m=—(1+47)q+1
( BT (i) ) » ( BT(t)
g+ +0)g) " \m+(1+r)g

iq)—1 ~(r—1)g—1

B=ad = Z Z Z Z pg+’m.b0’ib0,r X

1=—Lo g=—(1+44)q+1r=—Lo m=-7g

(20 ) r-(5"))

g+ (1+1)g

-5

C=te = 3 S 5 3 oo, x

i=—Lg g=~ig r=—Lom=—-(14r)g+1

JECL

(059

-1 —(-1)g-1 —1 —(r=1)g-1

m+(1+7)q

D=bd = Z Z Z Z pg+mbo’ibo, X

i=—Ly g=-ig r=—Lg m=-7gq

T

(- (5)) (70 (5)

) ) -

m+rq
B

)

(100)

~~

101)

—~

102)

(103)




Integrating over the interval of interest: [T K%|sis|?dt = - -

K Tls 24y — K2 T T T T
is1?dt = K Adt+ [ Bdt | cdt+ [ Ddt (104)
0 0 0 0 0

The equations for A, B, C, and D are Eqs. (100)-(103), respectively. We now analyze

term A [Eq. (100)] by sketching the multiplication of the pulses

A ( BT (1) )
P m+(1+r)q
/
[ J== Product is 0
I 1 = Product is 1
)
) % .
|t
0 T

g+(14+i)g m+(1+r)g
B B

m ()

Again, we have arbitrarily assumed one pulse lasts longer than the other. Since the

height of each scaled pulse is 1, we see that the area under the product is 1 times the

minimum of

q+(1ﬁ+i)q or m+(;+r)q

We can apply the same logic as used before to arrive at the value of the term
T
K? [ Ad
0
Then

K[ ad=pPi-p Y > Y Y e (105

i=—Lo g=—(1+4i)g+1 r=—Lo m=—(14r)g+1

52




where :
o = 9" ™bo sbo. <min (g+(1+ i)ﬂq, m+(1+ r)q))
where
min (g + (1 +¢)g, m + (1 +r)q) is defined by
min (z1, Z,): Choose smallest of z; or z,, which are both positive.

If z; = z,, then min (z,,2,) = z; = z,.
We now compute K2 [I Ddt. Looking at the expression for D [Eq. (103)], we sketch

the product of the pulses, arbitrarily assuming m + rq > g + 1¢

T [ ]= Productis 0

@
/////
//

0 T
gt+ig m+rq

B B

1

v

We see the product of pulses only exists from the maximum of

g+iq o Mmtre
s g
Thus, the integral of the ptoduct of the pulses will be

__ max(g +1ig, m+rq)
B

T

Then

-1 =(i-1)g-1 -1 ~(r-1)g-1

T
K [(Ddt = P-p? 3 ¥ X % b, x o

i=—Lp g=-tg r=-Ly m=-rg

[T B (max(g + z; m + rq))] (106)
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Looking at the expression for B [Eq. (101)]
(-19)-1 -1 —(r=1)g-1

B = Z Z Z Z pg-}-m bO,ibO,'r X

i=—Lo g=—(1+41)g+1 r=—Lo m=-rg

) (L@)_) e (t“ (m_+ﬁ_q>) .

o) (53

We note that m, ¢, 7, and r are simply dummy variables and may be interchanged,

giving
(-rq)-1 (i-1)g—1

B = Z > Z Z P ™o rbo i X

r=—Lom=—(1+4r)g+li=—Lo g=—1tq

T(__&)m T(t"<ﬁﬁﬂ>> (108)

)

If we look at the expression above Eq. (108), we see that B is identical to C [Eq.

(102)] in every way except the order in which the summations appear. The order of
the summations can be rearranged because the terms inside of the summations are
completely separable in relation to the sets {m,r}, {¢,¢g}. Thus, we can rearrange

the order of the summations and conclude
B=C (109)
and that
T T T T
K? / Bdt + K? / cdt = 2K? / Bdt = 2K? / cdt (110)
0 0 0 0

We choose to integrate twice the value of B [Eq. (101)]. Interchanging the order of

integration and summation yields

T r—-l)q -1
2K* /0 Bdt = 21{2( Y. Z Z Yo P bobos X

i=—Lo g=—(14+i)g+1 r=—L¢ m=-rg
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[or (220, il ) &)

g+ (1+i)g (T_(m;rq))

Sketching the product of the two pulses, we see the product will exist for m + rq <

g+ (1 +¢)q and will be zero otherwise.

[ J== Product is 0
t/J= Product is 1

-— -

/.

Va

4

0 T
m+rqg g4 (1+41i)g

B B

We create a “gating” function to account for this

| (i — m+r
)
/OTPT(Hﬂ(TI(i)i)q)pT (T_(m ;ﬂq)) dt =

1 ) )

E[(g+(1+z)q)—(m+rq)], form+rg<g+(l+i)g

Gl(gviam,r) =
0, otherwise

(112)
Then finally

T T T
9K? / Bdt = K? / Bdt + K2 / Cdt
0

(—ig)-1 -1 —(r-1)¢g-1

= E E Z Z Pg+mb0.ibo,rGl(g’ iv m, T')

i=—Lo g=—(14i)g+1r=—Lo m=-rg

(113)
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Finally, combining the results of Eqs. (105), (106), and (113) we have

K [ sisisigrdt = K2 [ |sysaPdi = K2 | [ "Bar [ '
ISIS[grat = 1A |SIS[| dt = K Adt + B dt Cdt + Ddt
0 0 0 0 0 0

(114)
where
(-r
AR R S SHED D s
i=—Lo g=—(1+i)q+1 r=—~Lo m=—(1+r)g+1
in which
m min(g + (1 +2)g,m + (1 +
o= 74y, (PR Lo (1730
p
T T T
1{2/ Bdt+1{2/ Cdt=2K2/ Bdt
0
( r 1)g—-1
1 - p Z Z Z Z pg+mbO,ibO,rG1 (97 ia m, 7')
i=—Lo g=—(1+i)g+1r=—Lo m=-rg
and

—(r—1)g-1

K"’/OTDdt: Q=g 3 z U TS g b,

t=—Lg g=—ig r=—Lo m=-7q

_ (max(g +ig,m + rq)
e

Now we must compute |sacz|? and K2 [T |sac|?dt. We see that we have a complex

b as bry € {0,e7%}, as well as a complex exponential e/**(t=(9/8) [see Eq. (83)].
We begin by noting that the complex conjugate operator has the following properties

(wv)" = u™v"

(u+0) = u +v°

Taking the complex conjugate of Eq. (83)

k=-M/2 9=0 - =
k#£0

+M/2 g—1 _ T g
Shor = Z Z pgbzyoe—ka(t—(g/ﬁ))pT _____g_j (t — _B_) ]
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(—£9)-1

! , T(t
+ Z Z pgbzile—ka(t—(g/ﬁ))pT ( ___’8 ( )____)

e=—Llg=—(140)q+1 g+(1+4)qg

+4
ey [F 5]
+ z p°b; e e~ Iwk(t=(s/B)y, B }

E T )

~

115)

2 = pr Gf_%j(t_%) (116)
e

! (t - (%{q)) (120)

)
o (=) -
(- (m;rq»

Then, with a change of indices, we can express sy a

+M/2  g-1
Shor = Z meb* e dwn(t=(m/8)) 5

n=-M/2 m=0

n#0

. /

A*
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+M/2 -1 (—=r

YD Z b emdenlt=(m/B)

n=—M/2 r==Lm=—(14r)q+1
n#0

B*

tM/2 -1 —(r—1)g-1

+ Z Z Z mb* —]wn (m/ﬁ))dl

r==L m=-rq

n=-M/2
n#0
C*
Now
+M/2  g-1 '
S0l = Z Zpgbk,oejwk(t_(g/ﬁ))&
k=—M/2 970
k#£0
A
+M/2 -1 (—4q)—
+ Z Z Z gbk[ejwk(t_(g/ﬁ))c
k=—M/2 f=~L g=—(1+£)g+1
k#0
B
FM/2 -] —(=1)g-1
+ Z Z Z pob lejwc(t—(g/ﬁ))d
k=—My2 =L 9=t
k£0
C
Then

|saci® = sacrstic; = (A+ B+ C)(A*+B* +C*)
Now, distribution of multiplication over addition yields
lsact|* = AA*+AB*+ AC"+BA* + BB* + BC”

+CA™ + CB™ + CC~
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(123)

(124)

(125)




Rearranging yields
sacil’ = AAT+ BB +CC* +2 [% (AB" + BA*)]
) % (AC" +CA")| +2 [% (BC" + CBY)| (126)
Using the identity Re[Z] = (Z + Z*)/2 we have
Isaci> = AA®+ BB*+ CC* + 2Re[AC]
+2Re[AB"] + 2Re[BC7] (127)

Multiplying the terms above yields

+M/2 g¢-1 +M/2 g¢-1
AA* = Z Z Z Z P by ob7 e (wr—wn)t=wr(a/B)twn(m/Plaa!  (128)

k=—M/2 970 n=-mMpz ™
k#0 n#0

+M/2 1 -1 +M/2 -1 (-rg)-1

BB*= 3. X Z > X X (129)

k=—M/2 {=—L g=—(14+48)q+1 n=—M]2 r=—L m=—(14r)g+1

k#0 n#£0
where
v = g+mb b* J(wk—wn)t— wk(y/ﬁ)+wn(m/ﬁ)]
+M/2 -1 —(¢-1)g-1 +M/2 -1 —(r-1)g-1
D DD DD DD DEED DD D¢ (130)
k=—My2 =L 9==te gy r=—L om=mTa
k#0 n#0
where

¢ = p?tmby eb;Tej[(wk—Wn)t—Wk(9/ﬁ)+wn(m/ﬁ)]dd’

To compute 2Re [AC*], we know Re[] is a linear operator so it may be moved across

the summations. After multiplication of terms A and C* we get
+M/2 ¢g-1 +M/2 -1 —(r—1)g—1

MAC]=2 L L L X X (131)
k=—M/2 g=0 n=—M/2 r=—L wm=-—rq
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where

k = Re pg+mbk0b; Tej[(wk_wn)t—wk(g/ﬁ)'("wn(m/ﬁ)]ad/

We know b, b7, and ell@s=wn)i=wrla/B)+un(m/B)] are complex. We will calculate & in

Eq. (131) using the identity
RelZ] = 5(2 + 7°)

Since (uv)" = u*v*, by extension it can be shown that

(wow)” = w'v w"
Also note that if $ = a; + a3+ a3+ a4+ --- where ay,ay,as, a4, - are complex, then

Re[S] = Rela1] + Relaz] + Relas) + Relay] + - - -

We will also use the fact that if z is complex and « is constant, then

Relaz] = aRe|z]

Using the facts above, we can see

. = %[bkyob;mej[(wk—w)t—wk(g/ﬁ)m(m/ml
+b270bn,16-J'[(<w=—wn)t—wk(g/ﬁ)+wn(m/ﬁ)] pItmad’ (132)
Then
K = [bk,obzyrej[(%—%)i-w;e(9/ﬁ)+wn(m/ﬂ)]
+b}:yobme—j[(Wk—wn)t—wk(9/6)+wn(m/ﬁ)] pmad! (133)

with a and d’ defined by Eqgs. (116) and (121), respectively.

60




Now, we will turn to computing 2Re [AB*]. This will have five summations just like

the 2Re [AC”] term above.

+M/2  g-1 +M/2 -1 (=rq)—

2Re(AB*]= 3. > X X Z S (134)

k=—M/2 9= =0 __ M/2 r=-L m=—(1+r)q+1
k£0 n#£0

By inspection of Eq. (123)

¢ = Re[ g4y oby, elnmem)i=ilo/B)ton(m/ )l

After letting the 1/2 generated when applying Re[-] operator to the argument cancel

the 2 outside of the summations, we get

¢ = [bk,ob;rGj[(w"—w")t_“’k(g/ﬁ)+wn(m/ﬁ)]

+bzyobn’re—j[(wk—wn)t—wk(g/ﬁ)wn(M/ﬁ)]] potmac! (135)

With a and ¢’ defined by Egs. (116) and (119), respectively.

We now compute the term 2Re[BC*]. This term will have six summations. Moving
the Re[:] operator inside of the six summations to the argument yields the following
by inspection

. = Re [bk eb € l(wk—wn)t—wi(g/B)+wn(m/B)] 9+mcdl] (136)

After letting the 1/2 generated when applying the Re[:] operator in ¢ [Eq. (136)]
cancel the 2 outside of the summations, we can then write down the expression for
2Re[BC™]

+M/2 -1 (—£9)-1 +M/2 -1 —(r-1)g-1

2Re(BC*l = Y. > > DD DD DR ¢t 1))

k=—mMyr FLe=—(0a+1 | ppyy r=-L m=mra
k#0 n#0

L = [bub;ﬂej[(wk—wn)t—wk@/mwn(m/m]+bz’lbn,r X .-

¢-illn—un)t=wi(9/B) tun(m/B)]] potm !
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with c and d’ defined by Eqs. (118) and (121).

Now we must find
T T T T
/ Ksaci?dt = K> / AA*dt + K? / BB*dl + K’ / CCdl
0 0 0 0
T T
+K? / 2Re[AC*] dt + K / 92Re [AB*] dt
0 0
T
I / 2Re [BC*] dt (138)
1]

where we recall that

K? = P(1 — p)?

In the term AA™ [Eq. (128)], we have the pulse multiplication aa’ where
g m
T|it—= T(t——
PR ()
a=pr T g\ a=pr | N
T—-= T - =
(-5) )

Arbitrarily assuming m > g, we sketch the product a x a’.

1 | [ ]=> Product is 0
[/]=> Product is 1

- — -

T

0 g

B B
The product is 1 and exists from the maximum of (m/B,g9/B) to T. Either g or m
can be the largest. Hence, we will be integrating
¢ = ellwr—wn)t-wilg/B)+wn(m/B)] (139)
with the lower limit of integration being (1/B) max(g,m). The upper limit of inte-
gration is T'. We consider two cases for Eq. (128).
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Case 1: k#n = wi # wy
When k # n, wy # w, because

wi = kAw (140)
where again wy is the radian frequency spacing between Channel 0 and Channel ,

and Aw is the uniform radian frequency spacing between adjacent channels.

+M/2 q-1 +M/2 g-1

T
K [andt = Pa-p? X X X X hobiex

k=—M/2 g=0 n=—M/2 m=0
k#£0 n#0
-
t 141
(1/8) max(g,m) (141)
Letting
z = jl(wk~wn)t—wk(g/B)+wn(m/B)]
dr = ] [(wk - wn)] di
then
T
/ T fdt = —— L eilrmun)t-wn(o/B)+un(m/6)
(1/8) max(g,m) J(wk — wn) (1/8) max(g,m)
_ 1 [eHnmon)T—n(0/) (/)
J(wk — wn)
A lokmm)(/9) max(a.m)—n(o/0)+an(m )] (142)

Case 2: k=n— wp = wy
Again similar logic to that used above [Eq. (140)] allows us to conclude wy = wy. For

this case, the complex exponential £ reduces to

£ = I[0—wk(g/B)+wn(m/B)] (143)
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Now, since wy = w,, we can further reduce the complex exponential to

£ = e lwk/B)(m—g)] (144)
Therefore, for wy = w,
(1/8) max(g,m) (1/6) max(g,m) B
(145)

Thus, we may write the expression for K? fOT AA*dt

T +M/2  g-1 +M/2 g-1
1{2/0 ANt =P(1-p2 3 S % T pmxg  (146)

k=—Mj2 970 n=_py2 ™70

k0 n#0
where
o g [e7lnn)T=an(o/8) n(m )] ’
© g (wk — wn)
_ej[(wk—wn)(l/ﬁ)max(gwm)“wk(g/ﬁ)""”ﬂ(m/ﬁ)]] , for k #n
1=
: 1
b b} 7 (k/BYm=9)] [T — —max(g, m)] ) fork=n
vy ’
L k0 )

Now we turn to the BB term [Eq. (129)]. We have the pulse multiplication cc’ where

c=m(Hiem) <= (i)

Arbitrarily assuming m + (1 +r)g > g + (1 + £)q, we sketch the product ¢ x ¢'.
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[ ]=> Productis 0
=> Productis1

-

0 / T
g+(14+8g m+(147)g
B B

The product exists and is 1 from 0 to minimum of

(g+(1ﬂ+f)q, m+(;+r)q)

Hence, we will be integrating the same complex exponential ¢ [Eq. (139)] as for the

AA* term [Eq. (128)], but the'upper limit of integration will be

_;.mjn(g +(1+£)q, m+(1+r)q)

while the lower limit is 0. We again consider two cases.

Case 1: k#n = wi # n
After interchanging the order of integration and summation, we will be integrating
[see Eq. (129)]

¢ = eI l(wr—wn)t-wi(g/B)+wn(m/B)] (147)

Then
/(1/13) min(g+(1+£)g,m+(14r)q)
0
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1 (1/8) min(g+(1+£)q,m+(1+7)a)
_ gillwn—wn)t=un(9/8)+uwn(m /)]

B ](wk - wn)
— _1— [ej[(wk—wn)(l/ﬁ) min{g+(1+£)g,m+(1+7)q)~wk(g/8)+wn(m/B))]
J(we — wn)

0

_eil=wk (g/ﬁ)+wﬂ(m/ﬁ)1} (148)

Then, factoring the result yields

(1/8) min(g+(1+£)g,m+(1+7)q)
/ ¢dt =
0

1

: eIl=wr(g/B)+wn(m/B)] [ej[(wk-wn)(l/ﬁ) min(g+(1+£)gm+(147)q)] _ 1} (149)
J(we — wn)

Case 2: k=n— w, =w,

This is similar to the AA™ term for wy = w, [see Eq. (144)]

¢ = dllor/B)im=s)] (150)
and
/(1/ﬁ)min(g+(1+e)q,m+(1+r) £ dt = illr/D)m—g ]/ (1/8) min(g+(1+£)g;m+(1+7)q )dt
0
— eIlw/B)(m=g)] %min(g +(14+8)g,m~+(1+r)g) — 0] (151)

Thus, we may write the expression for K? fOT BB*dt

+M/2 -1 (—fg)- +M/2 -1 (-rg)-1

K [ BBa =P Y % Y

k=—my2 E-Lo=—(4+0a+1 | \py r=—Lm==(14r)g+1

k#£0 n#0
(152)
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where

eil-wk(a/B)+un(m/0)] )

br.cbr [ (ej[(w;,—wn)(l/ﬁ)min(g+(1+f)q-m+(1+f)q)] - 1)] ,

j(wk - wn)

fork#n

e

P2
—_ bk,lbz,r (e][(wk/ﬁ)(m—g)] [% m]n(g + (1 + e)q,m + (1 + r)q)]) y

fork=n |

\

Now we integrate the CC* term [Eq. (130)]. We have the pulse multiplication dd’

d=pr T<t'<gjﬁﬁ)) . T(t_(m;w))
(- (7)) (r- (=229))

Looking at the pulse multiplication graphically where we arbitrarily assume m +rq >

where

g + £q for the purpose of sketching the situation, we have

A
d - d
[ ]= Product is 0
1 VA= Product is 1
| W
t>
0 m 4 rq T
B
g+l

B

Looking at the equation for CC* [Eq. (130)], we see that after interchanging the order

of integration and summation, we will be integrating the same complex exponential

as for the AA* and BB* terms

¢ = elllwr—wn)t-wrlg/B)twn(m /D)) (153)
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where the lower limit of integration will be

1
5 max(g + fg,m + rq)

while the upper limit will be T". Then for

Case 1: k #n = wi # wy

T 1 : !
/ gdt — '—61[(Wk—wn)t_wk (g/ﬁ)+wn(m/ﬁ)]
(1/8) max(g+£€q,m+rq) ](wk - wn) (1/8) max(g+£g,m+rq)
_ 1 [ pil(@rk=wn) T~k (9/8) +wn(m/0)]
J(wk — wn)
—ellkmun)(1/0) max(gtiamtra)=uno/ ) +on(m /O] (154)

Case 2: k=n— w; =w,

Again, similar to the AA* term, for k£ = n, the term

¢ = elllwr—wn)t=wi(g/B)+wn(m/B)] (155)
reduces to
¢ = eIl(wk/B)(m~g)] (156)
and then
/T édt = eIllwk/B)(m—g)] T dt
(1/8) max(g+g,m+rq) (1/B) max(g-+tg,m-+rq)

. 1
— eJ[(wk/ﬁ)(m“g)] |:T - E max(g + fq, m + T'q) (157)

Thus we may write the expression for K? fOT CCrdt

+M/2 -1 —(f-1)g-1 +M/2 -1 —(r—1)g-1

LS A R D SHED SEED DD SHED DD S S

k=—Myj2 =L g==te gy T=-L mEmTe
k#0 n#0
(158)
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where

( 1
b b}, [———

[ej[(“k"wn)T'wk(!]/ﬂ)“i’wn(m/ﬁ)]
J (wk - wn)

03 = 4 _ejl(wk—w)(l/mmax(g+eq,m+rq)—wk(g/m+un(m/m1]], for k£ n

. 1
bk,lbi,re][(wk/m(m_g)] [T — ,—B- max(g + lg,m + rq)] , fork=n

J

Now we turn to the 2Re [AC"] term [Eq. (131)]. We have the pulse multiplication of

G P )
(T“%) (T_(m‘;T‘I))

Looking at this graphically by arbitrarily assuming m+rq > g, we sketch the product

ad’ where
[

axd
A
a d’
[ ]=> Productis 0
1 V/]=> Product is 1
1 7/(/ -
o
t
g m+rq
0 = T
B B

Then we can see that the product ad’ will exist from (1/8) max(g, m+rq) to T, which

are the lower and upper limits of integration, respectively.
Case 1! k#n = wi #w,
This expression has the two complex exponentials

¢ = ellr—un)t-wr(a/B)run(m/p)] (159)
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o = e illwr—uwn)i=wilg/B)+wn(m/p)] (160)

to integrate. Letting

u=—j [(Wp —wn)t —wyi (9/8) + wn (m/B)]

and

du = —j(wg — wy)

the integration yields

T 1 T
/ odt = _._____e*j[(wk—wn)t—wk(g/ﬂHwn(m/ﬁ)]]
(1/Fymax(gm-+ra) [=3(wr = wn)] (1/8) max(g,m-+rq)
N [T llonen T/ Ym0
[_.] (wk - wn)]
_e—j[(wk—wn)(l/ﬁ)max(gam-f-TQ)”wk(g/ﬁ)+wn(m/5)]] (161)
and
/ ’ cdi = — 1 [tk n) T (a1} ()]
(1/8) max(g,m+rq) J(wr — wy)

_ej[m—wnm/mmax(g,m+rq)—wk(g/ﬁ)wn(m/ml] (162)

Case 2: k=n—=— w; =w,

Looking at the expression for 2Re [AC*] [Eq. (131)], we see that for w; = w,, the two
complex exponentials reduce to e/l(“x/8)(m=9)l and e=ilwr/A)m=9)] which are constants
to the integration. Thus, we will integrate the product of the pulse functions ad’ from
0 to T. This is the only time function for this case. Then, looking at the sketch below
Eq. (158)

T T 1
ad’dt:/ dt =T — = max(g,m+r 163
/o (1/8) max(g,m-+rq) g (9 2 (163)

Thus, we are ready to write the expression for
T
K? / 9Re[AC*] dt
0

70




Then,

T +M/2  g-1  +M/2 1 —(r=1)g-1
1{2/0 QRe[ACTdt=P1l-p Y Y 5 5 Y e (164)
k=—M/2 g=0 n=—M/2 r=—L m=-rq
k#0 n#0
where
po by ob, [—1——— [eFlln=on)T=sn(s/8) n(m /) “
) n,r ](wk—wn)

— e3l(wk—wn)(1/B) max(g,m+rq)-wk (y/ﬁ)+Wn(m/ﬂ)l] ]

4B b [ ¢~ il(wk=wn)T =9/ B)+on(m/ B)]

j(wk—wn)]

il

P4
— e~ il(we—wn)(1/8) maX(9,m+rq)—wk(g/ﬁ)+wn(m/ﬂ)]]], for k #n

[be.0b,,Hex/ Dm0l 4 . o, emillon/O)m=all] povm ...

L [T—%max(g,m%—rq)} , fork=n

We now turn to the 2Re[AB*] term [Eq. (134)]. We have the pulse multiplication

7

ac’ where

To form a sketch, we arbitrarily assume m + (1 +r)q > g, yielding
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[ ]=> Productis0
= Productisl

1
N7
/ .
t
0 T
g m+(l+r)g
BB

We see that the product will exist for m +(1+47)g > g and will be 0 otherwise. Thus,

unless m+(1+7)g > g, the integral of 2Re [AB*] is 0. We will later create a “gating”

function to account for this.

Case 1: k#n= w, #w,

For this case where m + (1 + r)¢ > g we will be integrating the same complex
exponentials as before

£E= eIl (wr—wn)t—w(g/B)+wn(m/B)] (165)

and

o = e~3l@k—un)t=un(a/0)+wn(m/0)] (166)

We have computed these integrals before and will just substitute the new upper and

lower limits in the final answer for this term

(m+(1L47)q)

Upper Limit :
B

Lower Limit : =

If m + (1 +r)g < g, the integrals of the two complex exponentials are zero as the
product of the pulse functions ac’ = 0. Again, we will create a “gating” function to

allow for this.
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Case 2: k=n— wy = w,

Looking at the 2Re [AB*] term [Eq. (134)]. We see that the two complex exponentials

reduce to

l@k/B)m=9)]  ,nq  e=illwr/B)m—g)]

These are constants to the integration with respect to t. Thus as before, we will only
be integrating the product of the pulse functions ac’ from 0 to T'. The integral has
value if m + (1 +r)g > g and is 0 otherwise. Then, if m + (1 +7)g > g, the limits of

integration are the same as for the case wy # w, and

T (mt(n)a)/8 1
/ ac'dt :/ dt = ~[(m + (1 +1)g) — g] (167)
0 9/8 B

Now we will create the “gating” function to null the integrals if the product ac’ is 0
from 0 to T.
To indicate the zeroing/nulling of all integrals if ¢ > m + (1 4 r)q, we will create

another gating function called G,(g,m,r).

1, forg<m+(l+r)g
(168)

G2(ga m, T) = {

0, otherwise

We are now ready to write the expression for K2 f 2Re [AB*]d¢t. Then

+M/2  ¢-1 +M/2 -1 (=rq)-

1{2/0T2Re[AB*]dt:P(1—p)2 ooy oy X Z ws (169)

k=—M/2 90 p=—py2 T=TLm=—(l4r)eH
k#0 n#0
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where

[(pg+m brob” 1 [ej[(wk—wn)((m+(1+r)q)/ﬁ)*wk(g/mwn(m/ﬁ)] )

n,T j(wk_wn)

_ej[(wn/ﬁ)(m—g)]] )

4+ (p“mbi,obn,rm [e—j[(wk—wn)((m+(1+r)q)/ﬁ)-wk(g/ﬁ)+wn(7n/ﬁ)l
Y5 =
_e—j[(wn/ﬁ)(m—g)]])]G2(g’m’r), for k # n
[bk,obz eI [(wr/B)(m=g)l | p= Obk’re*ﬂ(w/ﬁ)(m—y)]] pItm™ -
1
B[(m+(1 +71)q) — g ) Galg,m,7), for k=n
where

1, forg<m+(l+r)g
Gg(g,m,r) =

0, otherwise

Now, finally we must write out the last (sixth) term of the ACI. We now need to find
T
K? / 9Re [BC™] dt
0

Again, we look at the expression for 2Re [BC*] [Eq. (137)] to see the pulse multipli-

cation cd’ where

(O e, T(t_‘ (5))

g+ (1+4£)qg

We sketch at this pulse multiplication by arbitrarily assuming g + (1 4+ ¢)g > m + rq.
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[ ]= Productis 0
¥/ A=> Product is 1

1////1
1T < o

m+rqg g+ (14 48)q
B B

4

Case 1: k#n= wy #wy

Here we will be integrating the complex exponentials

£ = e (wr—wn)t—wi(g/B)+wn(m/B)] (170)

and

0= e~ Il wk—wn)t-wr(g/B)+wn(m/B)] (171)

The integrals will have the following limits

Upper : g+ +%)qe (1+8)q
B
m+rq
Lower :
B

The integrals will have value for m + rq < g + (1 + £)q and will be zero otherwise.
We have computed these integrals before and will just substitute the new limits in
the final answer for this term. We will create another “gating” function to account

for the integrals “turning off” when m +rq > g + (1 + {)q

1, m+rg<g+(1+4)yq
(172)

G3(9:£7m1r) = {

0, otherwise

Case 2: k=n=— wp =w,
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Looking at the 2Re [BC*] term [Eq. (137)], we see again that the complex exponentials

reduce to

/B m=a)l 41 pmilln/O)mg)]

which are constants to the integration with respect to ¢t. Thus, in a similar manner
as before, we will only be integrating the product of the pulse functions cd’ from 0
to T. The integral has value if m +r¢ < g 4+ (1 + £)q and is zero otherwise. We have
already created the “gating” function [Eq. (172)] to account for this turning on and
off of the integral. Then, if m 4+ rq < g + (1 + £)q the limits of integration are the
same as for the case wy # w, and
T (9+(1+0)q)/8 1
f)eddr= [ = 5llg + (1 4+0)a) ~ (m + o) (173)

We are now ready to write the expression for
T
K? / 2Re [BC*]dt .
0

Then

+M/2 -1 -1 +M/2 -1 —(r—1)g—-1

1{2/0T2Re[BC*]dt=P(1—p)2 >y Z DD D W

k=-My2 L= (H0aHL gy ol M=o

k#0 n#0
(174)
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where

(77 b b sy [ on) (o (4000908 bsn(m ) )

n,T j((Uk—wn

_ej[(wk—wn)((m+w)/ﬁ)~wk(9/ﬁ)+Wn(m/ﬁ)]]

e A [emillonsn)(5+ (0019~ a/8) /)
S =g (wr — wa)]

Ye =
_e—j[(wk—wn)((m+rq)/m—wk(g/m+wn(m/ﬂ>l])Ga(g,é, m,r), fork#n

[bkebzrej[(wk/ﬁ)(m—g)] + bzlbkre—j[(wk/ﬁ)(m—g)]] s

(%[(g + (1 + f)q) - (m + Tq)]) GS(g7£7m’T)a fork=n

/

where G3(g,#4,m,r) is defined by Eq. (172). We have now completed integrating all
six terms of the ACL
Recalling the expression for [s(t)|? [Eq. (89)], we see that we still have to compute
the following terms

2Re[spsisy| = 2Re[s1s1sB),

2Re[sysact] = 2Re[sps o1l

and
2Re[sis;sact] = 2Rels1s15401),
multiply each by the constant K? = P(1—p)? and integrate each from 0 to . We will

use either form of the above three expressions depending on the ease of computation.

Recall from Eq. (66) that

q-1 T q
SB(t) = Zpgb0,0PT e (t - —> s fOI‘ 0 S t S T (175)
il e

Let us look at sgstg; term. Looking at the expression for sp(t) during the interval

0 <t < T [Egs. (66) or (175)], we see that sp(t) is real as bo; € {0,1}. Looking at
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the expression for s;sr(t) during the interval 0 < t < T [Eq. (78)], we see also that

s1s1(t) is real as again by; € {0,1}. Then s;s; = sjs; and spsis; = spsisr, and
2R6[3}38;51] = 233815[ (176)

Performing the multiplication yields

QRG[SBS}SI] = 2[835151]

g—1 -1 (—19)—-1
g BT(1)
=2 Z /—’g+mbo,obo,ip:r —_— (t — —) pT (————————
SIZ_—;”:ZLO m=-—(1+1)g+1 (T _ g) ﬁ m + (1 + Z)q
€

g-1 -1 =(i-1)g-1 T(t—%) T(t~ (m;ZQ))
+2 g_;)ingo m;{q pg+mbo,obo,iPT ( - g) Pr (T ~ (m n Zq)) (177)
p s

e

f

We see that when we multiply by K? and integrate, the integral will distribute across

addition to the two terms e and f. The integrals then move inside of the summations
to the pulse function products. Now we need to figure the proper limits for the
integration of the two pulse function products in e and f [Eq. (177)]. We note
that the products of pulse functions are the only time functions in the expression
2Re[spsigy], so they are the only integrands in the expression. We examine the pulse

multiplication in term e [Eq. (177)]. Let

Sketching E, we arbitrarily assume m + (1 +1)q > g.
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[ ]=> Productis 0
V7] => Product is 1

4
/.
0 T
g m+(l+1i)g

B B

The integral f] E dt will have value for g < m + (1 4+ ¢)g and will be zero otherwise.

v

Ifg<m+(1+1)g

/TEdt /(m+(1+i)9)/ﬂ dt 1 [(m+ (1 +1)q) — g] (179)
= = ={(m 1)q) —
0 9/8 B v

Since only the pulse function product is being integrated, we will create another
gating function, which also gives us the value of the above integral when it turns on.

This is similar to G1(g,,m,r) [Eq. (112)).

: Gl 49 =g, g<mt(1+ig
/0 Edt = Gy(g,i,m) = (180)

0, otherwise

Look at the pulse multiplication in term f [Eq. (177)]. Let

B ] el )
(-5)) "\~ (=)

Sketching F, we arbitrarily assume m + iq > g¢.

(181)
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A
[ ]= Productis 0
= Productis1
1
t:
g m+iq
0 = T
B B
We see that
T 1
/ Fdt=T - I—B-max(g,m +7q) (182)
0

We can now write down the following integral
T
Kz/ 2RC[SBS;SI]dt
0

Substituting integrals [ Edt and JEFdt for the pulse function products in the

2Re[sps}s,) expression [Eq. (177)], and multiplying by K? yields the following result.

Note:
T
/ Edt is substituted for the pulse function product in e in Eq. (177).
0

T
/ F dt is substituted for the pulse function product in f in Eq. (177).
0

Recalling that K% = P(1 — p)? we have |

T T
K? /0 Y Re[spsTg )dt = K* /0 9[spsisi]dt

—ig)—1

g—1 -1 (
=2P(1-p)*> > > p* ™ bo obo iG4(g, 1, m)

9=01i=~Lo m=~(1+1)g+1

g-1 -1 —(i-1)g~-1

+2P(1 =030 Y >0 pt™bogbos [T - I—;-max(g,m + iq) (183)

g=0i=~Lg m=-—ig
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where

|~

G4(g> iv m) =

Now we need to compute 2Re[s}s4c1], multiply by K2,

[(m+(1+12)g)

-9, g<m+(1+i)g

0, otherwise

and integrate it from 0 to T'.

We note again that sg = sy thus sgsacr = spsacr and since s4cr is complex we will

distribute the Re[:] operator over the summations of the sgpsacy product in the same

manner as in some of the previous terms.

Computing the 2Re[sysacr] = 2Re[spsaci| term

q—-1 +M/2 g¢-1 .
2Re[sgsact] = 2Re[spsaci| = 2Re Z Z Z Pg+mbo,obk,oejwk(t_(m/m) X

g=0 k:—M/Z m=0

I k0

g-1 +M/2 -1 (~¢

+ZZZE

o9 ™ bo o bk (el wrt=(miB) o

9=0 , _ =—M/2 {=—L m=—(1+£&)q+1
k#£0
g
N r(-5) (220 )
( _g) m+ (14 4)q
\ B
H
g-1 +M/2 -1 —(2-1)g-1

20X X X

9=0 ,__ M2 {=—L m=-{q
k#0
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RGN ) -
A=) ) e ()

"

I i

The pulse products are G, H, and I as shown above. Then we note again that bg; is

real. Also, by, € {0,e7%} and e**(t=(m/A) are complex. We then have

QRG[SESACI] = QRG[SBSACI] =

g-1 +M/2 g¢-1

Z Z Z ( g+mbo’obk,oejwk(t—(m/ﬁ))g + pg+mbo’obzpe—jwk(f—(m/ﬁ))g)

9=0 M2 ™0
k#0
-1 +M/2 -1 (-2
+Z Z Z Z (Pg+mbo,obk,zejwk(t~(m/ﬁ))H +Pg+mbo,obz,ge_jw"(t—(m/ﬁ))H)
9=0 4o My =L m=-(1+8e+1
k#0
g—-1 +M/2 -1 —{(£-1)g-1
+5 0 3 (p"*’”bo,obk,eej“”‘“”‘m/m)l 4 pg+mbov0sze—jwk(t-(m/,@))I)
90 jepmyp =L m=—la
k#0

(185)
We see that computing K2 [T 2Re[sgsaci] will involve integrating each of the six
terms inside of the three clusters of summations. The integrable part of each of these

six terms is a complex exponential of the form
9 = efwrlt=(m/B) (186)

or

p= e~ Iwk(t=(m/B)) (187)

The pulse products G, H, and I will provide the limits of integration.

82




Looking at G [Eq. (184)]

(-4 T{t-2
G=pr —(g-_gﬂ)) P —(—g———é))— (188)

Sketching G, we arbitrarily assume m > g.

4

[ ]= Product is 0
== Product is 1

T

1 4

g m
B B
Since the height of the pulse product G is 1 from (1/8) max(g,m) to T, we see that

we will have the following limits of integration for the complex exponentials
9 = eiwk(t=(m/B)) (189)

and

§= e~ Jwk(t=(m/B)) (190) -

which are the integrands in the first cluster of summations in the 2Re[sysacr] term

[Eq. (185)]

Upper Limit: T

Lower Limit : %max(g, m)
Turning to H [Eq. (184)]
T (t - 2)
| B (BT
f P (m+(1+f)<1) (181)




Sketching H, we arbitrarily assume m + (1 + £)q > g¢.

I___—l == Product is 0
= Product is 1

Zmn
Z
0 T
g m+(1+8q

We see that for ¢ < m + (1 + £)q, the upper and lower limits of integration for the
integrands ¢ = e/“x(!=(m/8)) and i = e~iux(t=(m/B) contained in the second cluster of

summations in the 2 Re[ss4¢/] term [Eq. (185)] will be

Upper Limit : (m+(1+4)q)

Lower Limit :

™le ™|~

We will now create another “gating” function to null the integrals of 9 = efwx(t=(m/£))
and p = e~3«k(t=(m/B)) in the second cluster of summations in the 2Re[s}sacy] term

[Eq. (185)]. This nulling of the two integrals will occur if ¢ > m + (1+ &)q.

So we define

(192)

1, g<m+(l+4)gq
G5(g3€)m):{ }

0, otherwise

Now we compute the integrals of ¥ = e/s(t=(m/8)) and y = e=jwrlt=(m/B)) for arbitrary
upper and lower limits of integration v, and o

mn

" 9dt = /7‘ ein(t=(m/8)) g — ._1_61-“,,‘(:_(7"/;5))
* 0 JWk

(193)

ayg
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Similarly for p

ay

o1

m

e~ Iwk(t=(m/B)) (194)

—JWk o

Now we turn to the pulse product term I in Eq (184)

(3 (e () oy
(-2))" (- (5)

Sketching I, we arbitrarily assume m + £q > g.

4

[ ]= Product is 0
¥/} == Product is 1

— - —

L

g m+tig
BB

i 4

We see from the sketch that the upper and lower limits of integration of the integrands
9 = edt=(m/B) and p = e~3ux(t=(m/P) in the third cluster of summations in the

2Re[spsaci] term [Eq. (185)] are
Upper Limit: T

1
Lower Limit : 3 max(g, m + £q)

Now that we have the three sets of limits of integration for each of the clusters of

summations and the indefinite integrals of ¥ and p, we are prepared to write the

expression for

T T
K? /0 9Re[sysacildt = K? /0 9Re[sps acidt
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Then, recalling that K? = P(1 — p)?

- T
1{2/0 2Re[spsactldt = K2/0 2Re[spsacildt = Apa + Bpa + Cpa (196)

where
g-1 +M/2 g¢-1
Apa=P(1-p)'> > Y er
9=0 4 _my2 ™0
k#0
in which
P L [e70K(T—(m/2) _ i (@mas(aim)-m)/0)]
) ’ ]wk
+pg+mboobz o 1 [e—jwk(T“(m/ﬁ)) — e—jwk((max(g,m)——m)/ﬁ)]
B B 5
g-1  +M/2 -1 (~fg9)-1
Bpa=P(1—-p)*> > > 2. s
g=0 k=—M]/2 ==L m=—(1+£)g+1
k#£0
in which

s = pbogbya— [Fr(O4000D) _ gharlla=mi®)] G (g, ,m)
) ¥ ]wk

b o, — [e=in(@+09/0) _ =ien(lo=m)I)] Gy (g, €, m)
T =g wk]
where
1, g<m+(l+4£)q
G5(g,€, m) =
0, otherwise

g—-1 +M/2 1 —(¢-1)g-1

Coa=P(1-p)'3, X 3 X @

k=—M/2 {=—L m=-{g
k#0
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in which

vo = p™boobr s [9(T=m9) _ gion{(max(aimeta)=m) /)
T Jw
+pg+mb0 Obz — [e—jwk(T~(m/ﬁ)) _ e—jwk((max(g,m+éq)—m)/ﬂ)]
T = jwi]

The last term we have to compute is K? [T 2Re[s}¢;54c1]dt. We have already shown

that s;5s is real; thus

2Re(stsysact] = 2Re[sisrsaci] (197)

As before, we will multiply s;s; and sac;-
Look at srsr [Eq. (78)], we will let the first term be A and the second be B. Looking

at sscr [Eq. (83)], we will let the first, second, and third terms be C, D, and E,

respectively. Then
sisisaci = (A+B)(C+ D+ E)=AC+ AD+ AE+ BC+ BD +BE  (198)

Then, we compute all six of the above terms individually

—ig)—1 +M/2  g-1

-1
AC = Z Z Z Z pg+mb0,ibk’06jw(t—(m/ﬂ)) X oo

1=Lo g=—(14+14)q+1 k=—M/2 m=0

k#0

pr (—’BT&Z—) pr —T—(—(—t———g—)— (199)

—ig)—1 +M/2 -1 (—£9)-1

-1
AD = Z Z Z Z Z pg+mb0’ibk,lejw(t—(m/ﬂ)) N

t=—Lo g=~(1+1)g+1 k=—M/2 [:—Lm:—(l-{—e)q-*-l

w (s sm) 7 () 0
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—ig)—1 +M/2 1 =(£-1)g—1

-1 (—iq
AE = Z Z Z Z Z pg+mboyibk,gejwk(t—(m/m) %

i:—Log:—(1+i)q+1 ——M/2 {=—L m=-{q

k#0

ol (mtl
’ (%) pT (5_ ((m .ggq;)) (201)
BC = Z (fl %4:/2 qi‘p“ bo,:bg 0e? (= (m1B) 5 .

==bog=—ie oy Mp ™
k#0

[N (r-5) o
(- (5)) )\ r=5)

-1 —(i-1)g—-1 +M/2 -1 (—¢g)—1

BD= Y Y > SO by by e =(/9)

1=—~Lg g=-—1iq k=—M/2 {==L m=—(1+£)g+1
k0

(- (55)) e (2R (209)

) e

-1 —(-1)g-1 +M/2 -1 —{(f-1)g-1

BE = Z Z Z Z Z Pg+mbo,ibk,eejwk(t_(m/ﬁ)) N

i=—Lg g=-—1iq k=—M/2 {=—L m=-—{q
! ﬁ
204
( )

k#0




When we distribute 2Re[-] across each of the terms AC + AD + - - - and use Re[Z] =
(Z + Z*)?, the 2 will cancel with the 1/2, and we will be integrating the same complex
exponential terms 9 = e“x(=(m/B) and y = e~wr(t=(m/B) a5 we did before for the
2Re[spsaci] term [see Eqs. (186) and (187)]. Then, all we need to do is investigate
the pulse products for each of the six terms AC + AD + - - - to figure out the proper
limits of integration. Also, we may need to create other “gating” functions to null the

integrals if there are specific index occurences which make the specific pulse product

0.

The AC pulse product is

pT( 8T() )pT T(t“%)

g+ (1 +1i)g m
(T ﬂ)

Arbitrarily assuming g + (1 +2)g > m, we sketch the pulse product

13

r___l = Productis 0
= Product is 1

- ——

N\

Y

t
0 T
m g+(1+1i)g
B B

We see that the limits of integration will be

Upper Limit : ~;—(g + (1 +2)q)

Lower Limit : m
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Now we define the appropriate “gating” function

1, m<g+(l+i)q}

Gﬁ(g,i>m) = { (205)

0, otherwise

This nulls the two applicable integrals when the pulses do not overlap.

The AD pulse product is

(em) = ()

Arbitrarily assuming m + (1 4 €)q > g + (1 + 1)q, we sketch the pulse product.

[ ]=> Product is 0
¥/]=> Product is 1

0 T

g+(1+i)g m+(1+¢)q
B B

We see that the limits of integration will be

1
Upper Limit : Emin(g + (L +14)g, m+ (1 +4)q)

Lower Limit : 0

The AE pulse product is

g+ (1+:

s T(t”(mgeq»
”( )q) ( n




Arbitrarily assuming g + (1 + :)g > m + £q, we sketch the pulse product.

A

[ ]= Productis 0
== Product is 1

- -

/.

2

A 4

0 T

m+4€g g+ (1+1)g
B B

We see that the limits of integration will be

Upper Limit : %(g + (1 +1)q)
. 1
Lower Limit : I—B-(m + {q)

Now we define an appropriate gating function

1, m+4€g < g+ (1+41)q
G7(g)i7ea m) =

0, otherwise

This nulls the two applicable integrals when the pulses do not overlap.

The BC pulse product is
(-5 ((-5)
Pr gfiq Pr —-—Tf—
(-(5)) ) \(=-5)

Arbitrarily assuming g + :q > m, we sketch the pulse product.
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[ ]=> Productis 0
= Product is 1

/B

We see that the limits of integration will be

T

m  g+ig
B B

Upper Limit: T

Lower Limit : —;-max(g +tq,m)

The BD pulse product is

"o

(- (%57)) o o )

m+(1+4)q

Arbitrarily assuming g +iq < m + (1 + £)q, we sketch the pulse product.

A

[ ]== Productis 0
== Product is 1

N

gtig m+(1448)q
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We see that the limits of integration will be
Upper Limit :
Lower Limit :  —(g + iq)

We now define an appropriate gating function

1, gtig<m+(l+£)q
Gs(g,t,¢,m) =

0, otherwise

This nulls the two applicable integrals when the pulses do not overlap.

The BE pulse product is
i 14
) [Fe-5)
T T g+ﬂiq PT T mféq
(= (5)) ) L= (52))

Arbitrarily assuming m + £q > g + iq, we sketch the pulse product.

A

[ J= Product is 0
=> Product is 1

1
7
0 T
g+iq\m+€q
B B

We see that the limits of integration will be

Upper Limit: T

Lower Limit : %max(g +iq,m + £q)
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We will now apply the methods outlined below Eq. (204) and perform the 2Re[']
operation on each of the six terms of s7grsacr = srsrsacr. We will then integrate the
resulting 9 = e/“+t=(m/8) and y = e~7»(t=(m/B)) terms in each of the six clusters of

summations and multiply by the proper gating function, if necessary, to compute
T , [T
&’2/0 QRG[S;SISAc[]dt =K A QRG[S[SISACI]dt
Recalling that K2 = P(1 — p)?

T T
KQA QRdﬁsﬁAmhﬁ:=KZL 9Re[s;sisact|dt = ACr+ADp+AEg+BCr+BDr+BER

where
-1 +M/2 g—1
AC=Pl-pt S Y S (208)
2 Lo g=—(1F0a+1 ,__py/ ™=0
k#0
in which

1
Yio = Pg+m bO,ibk,O'.‘“‘

eIwkl(1/8)(g+(1+i)q)—m /6]
JWik

- \1,_/} Gﬁ(ga i, m)

*

" 1 —iw i)g)—m )
+pT ™ by b {e jwi(1/8)(g+(1+1)g)—m/B] _\1/] Ge(g,t,m)

HOT—juwn :
where |
1, m<g+(1+i)g
G6(ga 2.7 m) -
0, otherwise
* Note: eXiws(m/B-m[B) — 010 — 1
(=ig)-1 +M/2
ADr =P =7) E 2 IDEEDD Z P11 (209)
i1==Lg g——(1+z)Q+1 ——M/2 0=—Lm=—(14+£)g+1
k#0

in which

1
P11 = ,09+m bo,ibk,z-.——

iwkl(1/B)min(g+(1+:i)g,m+(1+€)q)~m/F) _ ejwk[—m/ﬁ]J
JWk
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1 [e—ka[(l/ﬁ)nun(ﬁ(Hz)q mA(1+8)q)—m/B] __ —ka[-—m/ﬁ]]

+pg+mb0,ibz,l [——jwk]

-1 +M/2 —1 —(f—1)g-1

AER = P(1-p)* Z Z DOEEED DD DRt (210)

1=—Lg g=—(14+1)g+1 k=—M/2 ¢=—L m=—{g
k#0
in which

1 .. : .
012 = |:Pg+mbo,ibk,£3.‘w_ [eywk[(l/ﬁ)(g+(1+2)q)—m/ﬁ] —_ eJWk[fq/ﬁ]]

1 . :
+p7T ™ by 1522[ o [C—ka[(l/ﬁ)(g+(1+z)4)—m/ﬁ] e~ Wk lq/ﬁ]]] G(g,1,4,m)

where ,
1, m+4Lg <g+(1+1)q
G7(g,i,f, m) =
0, otherwise
-1 —(i-1)g-1 +M/2 g-1
BCr=PU-p S > Y Y (11)
i==Lo g==0  ,__prp ™70
k#0
in which
Y13 = p9+mbot.bk0'_1_ [ejwk[T~(m/ﬁ)] _ ejwk[(llﬁ)maX(9+iq,m)—-m/ﬁ]]
T Wk
1 , . .
Lt b o=i(T=(m/B)] _ o= jenl(1/8) max(g-+iqm)=m/6]
P 0, kO[ ]Wk] [ }
-1 —-(i-1)g-1 +M/2 -1 (—€g9)—1
BDr=P(1-p)® >, X X Y. e (212)
1==Lg g=-—1tq k=—M/2 {=—L m=—(1+£{)g+1
k#£0
in which
ora = [ b by g [e3sl1/0)0+08) _ gienl0/8)+ia)=m 8]
1 ¥ ]wk
+p°t ™o, Zl[ — [e—jwk[(l/ﬁ)(lH)q] — 6~J‘wk[(1/ﬂ)(g+iq)—m/ﬂ]]} Gs(g,1,¢,m)
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where ‘
1, g+ig<m+(1+4)q
GS(gaivevm) =
0, otherwise
-1 —(i-1)g-1 +M/2 -1 —(f-1)g-1
LR LRR IS VD S vl wE T
==Ly g=-iq =—M/2 {=—L m=—4q
k#£0
in which
ors = Ty by e;_,[ejwk[T—wm]_em[(l/mmax<g+iq,m+zq)—m/ﬁ1]

JWk

1 . . :
+pg ™ bo ;b H[ ]wk] [G*ka[Tw(m/ﬁ)] _ e—Jqu[(l/ﬂ)maX(9+zq,m+lq)—m/ﬁ1]

We have now computed all terms of

T T
/ Is(t)[dt = K* / S)s'(8)*dt  [see Eq. (89)] (214)
0 0
Now we recall from Eq. (89) that
[Clstpar= 2 [ s@sera =K [ 150Fa
0 0 0
T T T
21{2/0 ‘SBlzdt+I&’2/0 I8151|2dt+[{2/0 ISACII2dt

T T g
+ KZ./O 2Re[sps}s|dt + KZ/O 2Re[spsaci]dt + 1(2/0 [sisrsacildt  (215)

We will now extract the answers for the above six integrals from the previous rather

lengthy derivation so that we will have the final answer for

/OT |s(t)[2dt = K? /OT 1'(4)[* dt (216)

in one single place. Now, before we consolidate the terms we once again restate

max(zy, z2): Choose largest of z; or z,, which are both positive.
If £; = 2, then max(z1,z;) = 71 = 3.

min(zy, z,): Choose smallest of z, or z,, v :ich are both positive.
If £, = z, then min(zy, z;) = 21 = z,.
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Also recall that K = v/P (1 — p) and K = P(1 — p)®. Then we have

/ Ut = K | " S)s (1) dt = K | 1902 (217)

which has the following six integrals given by Eq. (215)

K [Mlaoltit = PO 25, 5 oo (1 (2] g

g=0m=0

For

K? Tls 2dt
A 1s1|

we recall the result of Eq. (117)

T T T T T T
K? / sisistepdt = K? / Isrs1|2dt = K* [ / Adt + / Bt / cdt + / Ddt]
0 0 0 0 0 4]

(219)
T (=19)-
K* " Adt=P(1-p) S S Z o
0 i=—Lo g=—(1+1)g+1 r=—Lo m=—(14r)g+1
in which
o = p™™bo ibos (mm(g +(1+ z)g, m+ (1 + T)q))
T T T
1{2/ Bdt+K2/ Cdt=2K2/ Bdt =
0
(—ig)—1 -1 —(r=1)g-1
1 - P Z Z E Z pg+mb0,ib0'.,.G1(g,i,m,r)
i=—Lg g=—(141)g+1r=—Lo m=-rq
where
1 . .
=[{(g+ (1 +14)q) — (m +rq)], form+rg<g+(1+1)g
Gl(g, i, m, 7’) =
0, otherwise
and

i— -1 —(r—1)g-1

T -1 -
1{2/0 Ddt = P1—-p? Y Z Z S Tt

i=—Lo g=-—ig r=—Lo m=-7¢

[T B (max(g + iﬂq,m + rq))}
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We know from Eq. (138) that
T T T T
K’ / saci’dt = K? / AA*dt + K? / BB*dt + K / CCrdt
0 0 0 0
T T
+K? / IRe[AC]dt + K* / 9 Re[AB"]dt
0 0
T
+K? / 9 Re[BC*]dt (220)
0

So we have the following six ACI components

+M/2 gq-1 +M[2 -1

(2/0TAA*dt=P(1—p)2 Yoo > Y xe (221)

k=-M/2 97 =0 n=—M/2 m=0

k#0 n#0
where
(et g [efllermanIT=enla/8)n(m/) ‘
3 7, ](wk _ wn)
o1 = _ej[(wk—wn)(l/ﬁ)max(g,m)—wk(g/ﬁ)-}-wn(m/ﬁ)]] , for k 7é n
by, 0bj, o €7 Ls/B)(m=)] [T — 5 max(g, m)] ) fork=n
N e’
\ Ibk,()l2 7
+M/2 -1 -1 +M/2 -1

T I SUE SRS SHEN DD SN DRI

k=—M/2 ==L g=—(1+4)q+1 n=—M]/2 r==Lm=—(1+r)q+1

k£0 n#0

(222)
where
( [—w B+wn(m/B )
b b [e’[ HolP)kn(n /) (lermsn) /8 mint 14 00m 1)) 1)] ,
LYn,r ](wk ___ Wn)
for k #n
Y2 =
. 1
b, (02050 [ Loy + (1 4+ )g,m + (1411 )
fork=n |
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+M/2 -1 —{¢-1)¢-1 +M/2 -1 —(r-1)g-1

[lccu=ri-p¢ Y T Y L X Y M Txe

k=—My2 =L 9=t pyp =mLomEoT

k#0 n#0
(223)
where
o [ L[t en(a/8n(m)) \
W Un,T j(Wk _ wn
g = | —eillonmun)(1/0) max(+tamsra)=unlo/8) +uon(m/3 ”]} for k#n
bk,lbz,rej[(wk/ﬁ)(m_g)] [T — %max(g +4q,m + rq)] , fork=n

+M/2 g¢g-1 +M/2 -1 —(r=1)g-1

T
K[ 2RACT=PO-pf X X X X L e (20
k=-M/2 9= p==-M/2 r=-hoom=TTe
k#0 n#0

where

pg+mbk0bzr[_ L foillman)T=unlo/8)unm/ )
L )

W — Wy

—eil(wk=wn)(1/8) maX(g»errq)—Wk(g/ﬁ)+Wn(m/ﬂ)I]]

1

e kmsn T (a8 un (/)
[—7(wk = wn)]

+pg+'m bz,o bn,r [
Pq =

_e—ﬁ(wk—wn)wmmax(g,m+rq)—wk<g/m+wn(m/ﬁ)l]], for k # n

[bk ob} € l(wk/B)(m=9)] 4 b7 obk.re —il(wk/B)(m —9)]] pItT™ X e

[T - %max(g,m + rq)] , fork=n

\
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+M/2  g-1 +M)2 -1 (=7

K? /OTzRe[AB*]:Pu—pV )R DD DD Z ps  (225)

k=—M/2 970 n=_pyp T=mLm=-(4r)eh

k#0 n#0
where
[(pg+mbk0b* - [e7llran) (et (147)0) )=o) n(m] )
e S =)
_ej[(wn/ﬁ)(m—g)]D
+ (ngrm b7 obn T__,_j__}___.___ {e—j[(w—wn)((m+(1+r)q)/ﬁ)—Wk(g/ﬁ)+wn(m/ﬁ)]
_ o [_.7 (wk - wn)]
5 =
_6~j[(wn/ﬁ)(m—-g)]])] Ga(g,m,7), for k #n
[bk,obz,,ej[(“"/m( -9 4 b o€ il(wi/B)(m~ g)]] pIt™ % ..
1
E[(m+(1+r)q)_g] GZ(gamar)a for k=n
where

1, forg<m+(1+4+r)g
Ga(g,m,r) =

0, otherwise

+M/2 -1 (—£g)-1 +M/2 -1 —(r—1)g-1

T eI IEP I SHD SHRD VRN D Db v P

k=— M/2 e——-Lg—.-(l-{»-l)q-}-l n:——M/2 r=—L m=-rq

k#0 n#0
(226)
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where

' (pg+mbk R lloren) (4 (1+00)/8)s(o/ (/) \
’ ’I’l,’l‘](wk _wn)

_eJ'[(Wk—wn)((m+W)/ﬁ)—w;=(g/ﬁ)+wn(m/ﬁ)]]

1 .
+ g+mb* bn,r . e—][(wk—wn)((g+(1+l)q)/ﬁ)—wk(g/ﬁ)+wn(m/ﬂ)]
g BT =g (wi — w)] [

P = 4
__e—j[(wk—wn)((M+ff1)/ﬁ)—wk(9/ﬁ)+wn(m/ﬁ)]]) Gs(g, L, m,r), for k #n

(b1 b e71(x/O =)l 1 i b Te—j[(wk/ﬁ)(m—g)l] pIHm X

g
where G3(g,¢,m,r) is defined in Eq. (172).

(l[(g +(1+4&)g) — (m+ rq)]) Gs(g,¢,m,r), for k =n

Now, for the last three terms of

/OT|s(t)|2dt= (2 /OTs'(t)s’(t)*dtz % /T|s'(t)|2dt

0

which are

T T
K2/0 2Re[spsigldt; 1(2/0 2Re[sysacr]dt

and

T
K? /O 9 Re[s% 575 ac]dt

T T
K"’/O 9Relspsis;|dt = KZ/O Ispsisi|dt =

—ig)-1

-1 -1 (
2P(1 — p)2 Z Z Z pg+mb0,0b0,iG4(ga ia m)

9=0i=—Lo m=—(1417)g+1

g-1 -1 —(i-1)g-1

1 :
+2P(1—p)> Y DD P boobo |T — 3 max(g,m + 1q) (227)
g=0i=—Ly m=—1tq
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where

%[(m+(l+i)Q)_9]7 g <m+(1+1)g
G4(gviam) =

0, otherwise

- T
1{2/ 2Re[spsacildt = [(2/0 2Re[spsacildt = Apa + Bpa + Cpa
0

g-1 +M/2 q-1

Apa=P(1—p3*Y > D ¢r

g=0 k=—M/2 m=0
k#0
in which
or = Ty obeo ;{ejwk(T—w/m)__ejwk((max(g,m)—m)/m}
T Wk
booka[ 1 [e-jwk(T—(m/ﬁ)) — edanl(mas(om)=m)/6)]
-1 +M/2 1 (=£9)-1
Bpa = P(1 —p)* > 2 > s
g=0 k=—M]/2 =L m=-(1+8)gq+1
k#£0
where

s = Py by e; [ejWk((1+e)q/ﬁ) N ejwk((g“m)/ﬁ)] Gs(g,4,m)
+ Y ]wk
P ool —_ [eminl 00918 _ =iunll0=m10)] Gi(g, £, m)
’ ¥ _]w

where

1, g<m+(1+4)q
G5(97€7m): { }

0, otherwise

g—-1 +M/2 -1 —(£-1)g—-1

Coa=PL=p> > > > ¢

g=0 k=—M/2 {=—L m=-{g

k£0
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I |

1 ‘ ‘
— +m _1 [ Liwk(T=(m/B)) _ iwk((max(g,m+£q)—m)/B)
vy = p° bo,obk,zj . [e k e ]

T b bl [e-jWk(T—(m/ﬁ)) _ e—m((max(g»m+fq)—m)/ﬁ)] (228)

1
[—Jwi]

T T
1{2/0 QRG[S’;SISAC[]dt = [{2/0 QRB[SISISAc[]dt

= ACp+ ADRAER + BCgr+ BDgp + BER

1 +M/2  g-1

-1 (~1tq)—
ACr = P(1 - p)? Z Z Z Z ¥10 (229)

iz‘L09=—(1+i)q+1 k=—M/2 m=0
k£0

where

1 [ . ,
V10 = PHmbo,ibk,oka liejwk[(l/ﬁ)(g+(1+z)Q)—m/5] __\1/:| Ge(g,z,m)

*

1 ; 1)g)—m 1
+p b Z*o[—jwk] [e—mi(l/ﬂ)m(w Jg)=m/B] _ L ] Ge(g,t,m)

*

where

1, m<g+(l+1)g
Ge(g,i,m)={ }

0, otherwise

* Note: eLiwr(m/B-m/B) — ¢i0 = |

-1 (—ig)-1 +M/2 -1 (—£g)-1

ADg = P(1 - P)2 Z Z Z Z Z 1 (230)

t==Lg g=—(141)g+1 k=—M]/2 t=—Lm=~(1+f)g+1
k#0

in which

o = b b [eFenl(1/8)minlat{14)gmt (500) - f6] _ gionl=r ]
1 ¥ ]wk
1 —J min(g+(1+i)g,m+(14+£)g)—m/B] —jwi[-m/B]
+p7t™ b b7 : e~ iwk[(1/B) min(g+(1+i)q, g —e
p 0 k,l[_ ] wk] [ ]
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-1 +M/2 -1 —(t=1)g-

AEp = P(1 - p) Z Z Z Z Z P12 (231)

t=—Lo g=—(1+47)g+1 k=—M]/2 {=—L m=-{q
k0
in which
orz = | o7 bo ey —m [0/ o+ =mlf] _ cintall]
1 Y ]wk
+pg+mb0 zb: . : [e—jwk[(1/ﬁ)(9+(1+i)‘1)—m/5] _ e—jwk[&I/ﬁ]:I] G7(g, 2" £7 m)
T [ gwi]
where )
1, m+4flg<g+(1+1)g
G7(ga i’ E, m) =
0, otherwise
-1 —(i-1)¢g—-1 +M/2 q—1
BCr = P(1—-p) 2 Z Z Z Z ©13 (232)
i==Lo g==19 ,__pyp ™
k#£0
in which
w13 = pit"bg by o:—l— [ej“”‘[T_(mm)] — ej“"‘[(l/mma"(g“q’m)"m/ﬁl]
T Wk
1 . . .
+ 09ty b7 : e~ Iwk[T—(m/B)] _ o—jwi[(1/B) max(g+iq;m)—m/0]
PO 5] [ ]
(i-1)g=1  +M/2 -1 (~¢
BDg = 2 E Z Z Z Z P14 (233)
1i=—Lg g=-—iq k=—M/2 {=—Lm=—(14£)g+1
k#0
in which

1 ‘ . .
011 = [Pg+mb0,ibk,£.— [eerl/0)1+2)] _ gionl(1/6) o=/

JWk

1
+pg‘+‘m bO,ibk,Z [_]wk]

[e—jWk[(l/ﬁ)(1+z)q] - e—jwk[(l/ﬁ)(9+iQ)—m/ﬁ]]] Gs(g,i,4,m)
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where )
1, g+ig<m+(1+4)g
GS(ga ia éa m) =
0, otherwise
-1 —(i-1)g-1 +M/2 -1 —(£-1)g-1
BER = P(1-p) Z Z Z Z Z P15 (234)
i=—Ly g=-1q k=—M/2 {=—L m=-4q
k#0
in which
ors = 7o b [l =(n/0)] _ gionl(1/0)mix(gigmt )=
1 v ]wk
1 . , .
+p9 ™ b : e~ iwklT=(m/B)] _ e~ Jwkl(1/0) max(g+ig,m+£g)—m/f]
R B | |

We have now laid down all terms of
T T T
/ 1s(t)[2dt = K? /0 §(8)s'(8)*dt = K* / 1'(8) 2 dt
0 0
This will be used to compute the detection statistic X where
T
2
= d
X=R /0 1s(t)[2dt

where R is the responsitivity of the photodetector (A/W). This will be used to com-

pute probabilities of bit error for the dense WDM system.

105




106




APPENDIX B

LIMITED CASE OF THE COMPLETE MODEL

(10 PROGRAMMABLE TERMS) AND RESULTING
PROBABILITY OF BIT ERROR EQUATIONS

In Appendix A we derived the complete expression for fi |s(t)|?dt. Referring to the
OOK receiver structure in Fig. 1, we note that the deterministic signal component

of the random variable appearing at the output of the integrator is
T
X = ’R/ 1s(t)[2dt (235)
0

where R is the responsivity of the photodetector (A/W) and s(t) is the complex
baseband output of the Fabry-Perot filter. Note that the photodetector detects s(t)
and produces an output current R|s(t)[>. We will call the integrator output the
decision variable Y where

Y=X+N (236)
We note that N is a Gaussian random variable with mean zero and variance NoT

N ~ N(0, NoT) (237a)

and
T
N = / n(t)dt (237b)
0
where n(t) is the postdetection additive white Gaussian noise and Ny (A?/Hz) is the
two-sided current spectral density of n(t).
Now we will set up a fairly limited but realistic case for which we will program
the appropriate terms derived in Appendix A and generate the probability of bit

error. Letting

_ 2wkl

107




wg = 2mkl/T is a special case of the radian frequency spacing between Channel 0 and
Channel k. Recall again that I is the normalized channel spacing integer (I > 0), and
T is the data bit period (s). L = 0 and ¢; = 0 means that we will only model and deal
with adjacent channel interference (ACI) from the bits in the adjacent channels which
occur during the detection window 0 < ¢ < T'. Recall that the adjacent channels are
symmetric in frequency around Channel 0, the channel of interest. Lo = 1 means that
we will model the effects of a single ISI bit trailing the detected bit of interest by 4 in
Channel 0. ¢, = 0 means that the phase offset between Channel 0 and Channel k is
0, or that all adjacent channels are bit synchronous with with Channel 0.

Then, since ¢y =0, L =0, and by, € {0,e/%}, we let
bomao =b_mppr0=-=b19o=0" and b €{0,1} (238)

b~ is the left adjacent channel bit pattern and all M/2 of the left channel bits will be
1 or 0 simultaneously during detection window 0 <t < T. And again, since ¢, = 0,

L =0, and b, € {0,e?*}, we let
bM/2,0 = bM/2—1,0 == bl,O = b+ and b+ € {0, 1} (239)

b* is the right adjacent channel bit pattern and all M/2 of the right channel bits will
be 1 or 0 simultaneously during the detection window 0 < t < T. Also, we know

Lo =1, and bo; € {0,1}, so using Eq. (1) or Eq. (41) we have
bo—1 € {0,1} and bop € {0,1} (240)
We define an ACI/ISI bit pattern
hp = {67,601} (241)

Note that b=, b*, and by_; are 0 or 1 with probability 1/2 yielding eight possible

values of 1.
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Now let use define an ACI/ISI bit pattern set 1

¥ = {th1, %2, Y5} (242)

We can denote each individual element in the set ¢ as ¢, where p=1,2,3,...,8 as

there are eight possible values of 1, and

= {tp} (243)

where p = 1,---,8. Now we define

Xo(¥,) = X(¥p,boo=0) or X evaluated at the current value of ¢, with by =0
(244)
X1(¢p) = X(p,bop=1) or X evaluated at the current value of 1, with boo =1

(245)

It can be shown that the conditional probability of error for the dense WDM

system given the ACI/ISI bit pattern ¥, is 2, 4]

1o (Xa(e) = Vo) | 1 (Ve — Xo(4p)
_ = Q| ——=—122 246
P (errorlsz) 2Q ( \/jv-O"—T + 2Q NOT ( )
where
1 o0 2
= — ~v*/2g 247
Qe) = = [ ey (247)
There are eight possible members of the set v
=00 0 ¢s=1 00
) =0 0 1 Ye=1 0 1
Y=34s=0 10 =110 (248)
Py=0 1 1 Pg=1 11
Vr is the detection threshold where
Ve = Xomax +X; min (249)

2
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and

Xomax = rgpa:}( (Xo(¥)) (250)

i.e., to find X max, compute all eight values of Xg [see Eq. (244)] and then choose

the maximum, and

X, min = ?ir}l(Xl(i/)p)) (251)

i.e., to find X; min, compute all eight values of X; [see Eq. (245)] and then choose

the minimum. Then, by the law of total probability, the probability of bit error is
Py = P (error|tpy) P(31) + P (error|y2) P(2) + - - - + P (error|ig) P(is) (252)

Assuming all bit patterns are equiprobable

1
P(T/)l):P(lL'ﬁ:"':P(!bs):g (253)
Then we can easily see that
1 8
Py = 3 > P (error|,) (254)
p=1
Again, we note that
T
X=R f |s(t)|2dt (255)
0

where [T |s(t)|?dt was computed in Appendix A and consisted of 21 terms (“clusters
of summations”) [see Eqs. (218)—(234)]. Given our parameters Lo =1, L =0, ¢; =0,
and wy = 27kI/T, 11 of the 21 terms drop out and we are left to compute in order
ten to generate the probability of bit error. If we name these ten terms (“clusters of
summations”) SUM;,SUM,,---, and SUM;q, then for Lo =1, L = 0, ¢, = 0, and
wy = 27kl|T

/0 " |5(8)dt = SUM + SUM; + - - - + SUMyg (256)

and using Eq. (255)
X = R(SUM; + SUM; + - - - + SUMyp) (257)
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Now PT may be factored out of each sum. So we define
SUM; = PT(QUOT;) j=1,---,10 (258)

So
X = RPT(QUOT,) + R PT(QUOT,) +--- + RPT(QUOT,) (259)

and

X =R PT[QUOT, + QUOT, + --- + QUOT,,} (260)
Also, letting QUOT, + QUOT, + --- + QUOT,, = QUOTSUM, we also see

X =R PT[QUOTSUM] (261)

We can also say that, in general, QUOT;, QUOT,,--,QUOT,,, and QUOTSUM are

dependent functions of ¥, and byg. Thus, we may write in general

QUOT1(¢p’ b0,0), QUOTZ(d)m b0,0)a Y QUOTIO(wpv b0,0)

and

QUOTSUM(%y, boo)

Now we can see that

X1(¥p) = RPTQUOTSUM(%y, bop = 1)] (262)
Xo(¥p,) = RPT[QUOTSUM(%yp, boo = 0)] (263)
Recalling that
X max +X, min
Vr =
2
we let
Ypmax = Value of 1, which causes maximum value of
of X, (or maximum value of X with bpp = 0). (264)
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and

Ypmin = Value of ¥, which causes minimum value of

of X; (or minimum value of X with by = 1). (265)

Then using Eqs. (249), (262)-(265)

_ RPT[QUOTSUM(¢p max b0,0 = 0) + QUOTSUM(¢p min s b0,0 = 1)]

Vr 5

(266)

Now using Eqs. (246), (262), (263), and (266)

P(error/+,) =
1 R PT
- [QUOTSUM (% maxs boo = 0) + QUOTSUM (b, min; bo.o = 1)}))
2

Ly ((’RPT) ([QUOTSUM (¥p maxs boo = 0) + QUOTSUM (1, mim, boo = 1)]
27 \\VNoT 2

—[QUOTSUM(¢y, bo,0 = 0)])) (267)

Thus, we see that P(error|t,) is directly related to the signal to noise ratio which we

will call Z.

Z = Z/aj% =R P\/Nz0 (268)
Thus, when we compute a probability of the bit error graph, we will choose a suitable
range of values for Z, a value of free spectral range-bit period product 8T, and several
values of the number of adjacent channels M. For each of these values of M, we will
compute a probability of bit error trace. To compute a point on a trace, choose a value

of Z, compute all eight values of P(error|t,), sum all eight values of P(error/¢,), and
divide by 8 [see Eqs. (248), (254), and (267)]. The point is then plotted.
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Recall that

q= —?— (269a)
B
then
q=pT (269b)

We will use this and the fact that [see Eq. (259)]

X = R PT(QUOT,) + R PT(QUOT,) ++-- + RPT(QUOT,))  (270)
Term #1 Term #2 Term #10

to compute the probability of bit error graphs. We also use Eqgs. (256), (257), (258),

(260), (261), (262), (263), (264), (265), (266), and (267) in this endeavor.

We now proceed to write out the ten terms of X, which we will use to compute
the probability of bit error graphs. Before we begin we recall that max (z1,z;)
means choose the largest of z; or 2. If 22 = z;, then max (z1,22) = 71 = 2.
Also recall that min(z;,z;) means choose the smallest of x; or z,. If z; = 73, then
min (z1,2;) = z; = z2. The first term to be programmed will be Eq. (218), Appendix

A. Factoring out a T we get

SUM, = PT(1 - p)21>3,(,qz_j1 qf Pt (1 - <3“—ﬁ%1))) (271)

g=0 m=0

Using ¢ = AT and multiplying by R we get

BT-1p6T-1
Term #1 = R PT(1 — p)*b3, Z—: z_:o Pt (1 — (E‘jfﬁ(%"i))) (272)

With Lo = 1 and ¢ = BT, the first term (“cluster of summations”) in Eq. (219),

Appendix A, becomes

ﬁT 18T-1 1
) > D (bo-1) (— min(gam)) (273)
g=1 m=1 /B
Factoring out a T and multiplying by R we get
,PTZ1AT1
Term #2 = R PT(1 — p)*(bo1)* > D, pg+"‘ mln(g, m) (274)
g=1 m=1
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With Lo = 1 and ¢ = BT, the second term (“cluster of summations”) in Eq.
(219), Appendix A, becomes

BT-128T-1
1_p Z Z pg+m bO -1 Gl(g72_ 17maT:_1) (275)
g=1 m=06T
where
1
E[g—(m—ﬁT)], form—pBT <g
Gl(g7i = —l,m,r = _1) =
0, otherwise

Factoring a T and multiplying by R, we arrive at the expression for Term #3

| PTZ120T1
Term #3 = R PT x 2(1 — p)*(bo_1) Z > p9+m[T—xG1(g,z_ —-1,m,r = —1)
9=1 m=0T
(276)

With Ly = 1 and ¢ = BT, the third term (“cluster of summations”) in Eq.

(219), Appendix A, yields Term #4, after factoring a 7" and multiplying by R.

| T-120T 1
Term #4 = R PT(1 — p)*(bo 1) YD DD ot [1 — ——max(g — BT, m — ﬂT)}
9=BT m=pT pT
(277)

The next applicable term is Eq. (221) of Appendix A. Our given parameters

include ¢x = ¢, = 0. We can then say by recalling that by, € {0, e/}

b, 0="bno and bro = bro (278)
We will also use the facts
2wkl 2mnl
W = —% and w, = T (279)

where [ is a positive integer called the normalized channel spacing integer. Now, by
slightly reworking the w; # w, expression by substituting the results given in Egs.

(278) and (279) into the appropriate places, we get

T

o1 = bkobnﬂ ej[21r1(k—n)—(27rkI(g)/ﬁT)+(27rn1(m)/ﬁT)]
j2mI(k — n)] [

_ej[(21rI/ﬁT)(k—n)max(g,m)—-(21rkI(g)/ﬁT)+(27rnI(m)/,GT)]] , for k # n (280)
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Note: The 27I(k — n) term in the first phasor of Eq. (280) contributes integer
multiples of 27 to the phasor, and so it is neglected in the next rewrite of the term.

Then, by factoring the common factor e/(274/ FT)(mm)=(k9)] we arrive at

Ty o by ged 21 /BD(wm) (ko)
e 2 I(k —n)]

[1 = ej(21r1/ﬁT)(k—n) max(g,m)] : for k # n (281)

Finally, after we factor out a T from both the wy # w, and wx = w, arguments to
the summations, rearrange the summations for more logical programming, and use

the fact that ¢ = 8T, we arrive at the final form for Term #5.

+M/2 +M/2 BT-1p3T-1
Term #5 = RPT(1—p)* Y. Yo (bko)(bao) D D AT x o1 (282)

k=—M/2 n=—M/2 g=0 m=0
k#0 n#0

where

&3 (@ 1/BT){(nm)~ (kg)]

[1 _ ej(ZrI/ﬂT)(k—n)max(g,m)] for k 7& n

j[2nI(k —n)]
Y1 =
¢il(2mkI /BT (m=g)] [1 — _“Ei‘_ﬁ(%l_)] , for k=n

The next applicable term is the first term (“cluster of summations”) in Eq.
(227), Appendix A. Utilizing Lo = 1, factoring a T', multiplying by R, and noting
that ¢ = AT yields

BT—1pT-1 G ]
Term #6 = R PT x 2(1 — p)2(boo)(bo—1) 3. 3. p**™ a9, - ™) (983)
g=0 m=1
where
—1—[m— ] forg<m
G4(gai:_lam) — ,BT 9b J
T
0, otherwise

Looking at the second term (“cluster of summations”) in Eq. (227), Appendix

A, and after utilizing Ly = 1, factoring a T, multiplying by R, and substituting
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q = BT, we have
BT—128T-1 |
Term #7 = R PT x 2(1 — p)*(boo)(bo,-1) Z Z Pt |1 — ﬁ—Tmax(g,m - 8T)
e (284)
The next applicable term is the first term (“cluster of summations”) in Eq.
(228), Appendix A. Since ¢y =0
bro = brpo (285)

We can then work with the term inside of the summations

or = pTFMby ob o [T~ _ gin(mastam)=m)/0)]
T Wk

1 , .
+pg+mbOYsz,O[_‘jwk [G—ka(T—(m/ﬁ)) — e—]wk((max(g,m)—m)/ﬁ)} (286)

Then, since b} ; = by and after some rearranging, we have

P bo 0bi 0
— X

Y7 =
Wk

eiwr(T=(m/B)) _ o=iwr(T=(m/B)) _ giwk((max(g;m)—m)/B) L ¢—jwi((max(g,m)-m)/6)

j ’ j
A

(287)

Then factoring a —1 from A yields

elwk((max(g;m)—m}/B) __ o—jwk((max(g,m)-m)/B)
A=- ( . ) (288)
J
Euler’s Relationship defines
it _ o=if

sinf = ————— (289)

Applying this relationship yields

e (- 5)) i (22

116




and since wy = 27kl/T

g+m kI

©r :/ZP—Z—:O;%E [sin [27rkl (1 - %)} — sin [%—(max(g,m) - m)” (291)
T

After factoring a T, multiplying by R, utilizing ¢ = BT, and rearranging the summa-

tions for more logical programming, we arrive at the expression for Term #8.

+M/2  BT-18T-1

Term #8 = RPT(1—p)* > >. > o1

k=—M/2 g=0 m=0
k#£0
where
_ Pg+mbo,obk,o . _om vkl
=17 sin |27kl |1 T sin BT (max(g,m) — m) (292)

The next applicable term (“cluster of summations”) is Eq. (229) of Appendix
A. Since ¢x = 0, we know byo = b; . Using Lo = 1, we can rework the argument of

the summations. Making the appropriate parameter substitutions yields

1 ..
V10 = pg+mbo,—1bk,0‘."— [erk[(g—m)/ﬁ] — 1] Ge(g,i = —1,m)
JWk

1 , .
09t ™bo,1bk.0 — [e—awk{(g—m)/ﬁ] — 1] Ge(g,i = —1,m) (293)
Further symplifying yields
g+m (b V(b ‘ eiwlla—-m)/B] _ g—iwkl[(g—m)/B]
P10 = Al Z’)kl)( k’o)Ge(g,Z =—1,m) i (294)

~

2sinfuw[(g—m)/A]]
Using wy = 2kl /T yields

2wkl
BT

Substituting (1 inside of the summations, multiplying by R, factoring T', using

_ Tp"*™(bo,-1)(bko)
P10 = s

Golgsi =~ mysin [ B (g —m) (295

q = BT, and rearranging the summations for logical programming yields the following
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for Term #9.
+M/2  BT-18T-1

Term #9 = R PT(1 — p)? Z Z Z Y10 (296)
k=-Mj2 971 ™0
k#0
where
g+m be _ b . . 2nkl
amd
- [, form<yg
Ge(g,2 = —1,m) = { 0, otherwise }

Look at the last applicable term (“cluster of summations”), Eq. (232), Appendix
A. Again we take advantage of the fact that ¢, = 0, which means b, = b} ;. Making

the appropriate parameter substitutions yields

P (Bo-1)(beo) 1 [T =(mIB0] _ g=snlT= (o)
Wk J

P13 =
_ [ejwk[(l/ﬁ)max(g—ﬁT,m)—m/ﬁ] _ e—jwk[(l/ﬁ)max(g—ﬁT,m)—m/ﬁ]]] (297)

Using Euler’s Relationship we get

13 = T"”m(:‘]’c}l)(b’“") [sin [fm[ (1 - %)] —sin [ﬁ;f (max(g — BT, m) — m)”
(298)

Substituting (3 back inside of the summations, factoring a 7', multiplying by R,

utilizing ¢ = BT, and rearranging the summations for logical programming yields

+M/2  28T-18T-1

Term #10 = R PT(1 — p)? Z Z E P13 (299)
k=—M/yz 9=PT m=0
k#0
where
9t™ (bo _1)(b . |27kl
P13 = P (ﬂ(_)’k;)( ko) [sin {Qﬂ'kl (1 - %)l — sin [ ;T (max(g — BT, m) — m)”
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For the given parameters Lo = 1, L = 0, ¢x = 0, and wx = 27kl/T, we have

now derived all ten programmable terms of X where

X = R PT(QUOT,) + R PT(QUOT,) +--- + R PT(QUOT,;)  (300)

Term #1 Term #2 Term #10

We will use these ten programmable terms to compute probability of bit error for the

dense WDM system.
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APPENDIX C

PROGRAMMING STRATEGY AND COMPUTER
PROGRAMS FOR GENERATION OF PROBABILITY
OF BIT ERROR GRAPHS

In this appendix, we present the computer programs written to generate the proba-
bility of bit error graphs for the system under consideration. We attempt to generate
four graphs, one for each value of BT considered. We reiterate that 3 is the free
spectral range of the Fabry-Perot filter (Hz) and that T is the data bit period (s).
BT is called the free spectral range-bit period product. The four values of ST used

are

BT = [500 1000 1500 2000]

In each of the four graphs there will be five traces as we will present probability bit
error for four values of the normalized channel spacing integer I, or equivalently the
number of adjacent channels M, along with a probability of bit error trace for single
channel (SC) operation without Fabry-Perot (FP) filtering or SC operation with FP
filtering and without ISI or ACI. We will show the relationship between I and the
number of adjacent channels M later. Now, however, we present the four values of I
corresponding to each value of BT":

For BT = 500

I=[4 5 8 20]

For BT = 1000
I=[5 6 9 20]

For BT = 1500
I={7 9 12 20]
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For BT = 2000
I=[8 9 12 20]

Without a lengthy discourse, we present the mathematical relationship between

the normalized channel spacing integer I and the number of adjacent channels M

_ B
M=ir-1 (301)

For the special case fy = kAf = kI/T we can easily see that Af = I/T. Then

M:?—l (302)

For the values of I above M will not always be an even integer. Thus, an algorithm
to consistently arrive at an even integer value of M which is less than or equal to the
true mathematical value presented in Eq. (302) was devised. To get the number of

adjacent channels, we perform the following operation

%T-::Q-I—R (303)

where @) is the integer quotient of the division operation and R is the remainder. To

arrive at M we

1. Subtract 1 from @ if Q) is an odd integer and R = 0.
2. Subtract 2 from @ if @) is an even integer and R = 0.
3. Subtract 1 from @ if @) is an odd integer and R # 0.

4. Subtract 2 from @ if @) is an even integer and R # 0.

Using these rules, we obtain at the four values of M for each value of T

For AT = 500

[
g

M=[124 98 60 24]
~~

~—~

I=4 I=5 I=8 I1=20
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For ST = 1000

i

[a—
©
co
—
(@)
>
—
p—
(e
=
0

I=5 I=6 I=9 I=20
For BT = 1500
M=[212 164 124 74 ]
~—~
I=7 I=9 I=12 I=20
For BT = 2000
M =1[248 220 164 98 ]
AN R Y Vg
I1=8 I=9 I=12 [=20

Now we use these four values of I and four values of M for each value of ST
to compute the four graphs of probability of bit error with five traces each. We will
use the equations and methods developed in Appendix B to compute these graphs.
Recall that

X = R PT(QUOT,) + R PT(QUOT,) +--- + R PT(QUOT,,)  (304)
Ten: #1 Term #2 Term #10

Realizing this, we program the ten terms given in Appendix B in the following way:

TERM #1 [Eq. (272)]: We will compute the QUOT), portion of this term four times,
once for each value of 8T = 500, 1000, 1500, and 2000. We will use each
of these four values in a separate program to compute the probability of

bit error according to the equations developed in Appendix B.

TERM #2 [Eq. (274)]: We will compute the QUOT, portion of TERM #2 four times,
once for each value of BT = 500, 1000, 1500, and 2000. Each of these
values will be used in a separate program to compute the probability of

bit error according to the equations developed in Appendix B.

TERM #3 [Eq. (276)]: We will compute the QUOT; portion of TERM #3 four
times, once each value of BT = 500, 1000, 1500, and 2000. Each of these
values will be used in a separate program to compute the probability of

bit error according to the equations developed in Appendix B.
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TERM #4 [Eq. (277)]: We will compute the QUOT, portion of TERM #4 four times,
once for each value of T = 500, 1000, 1500, and 2000. Each of these
values will be used in a separate program to compute the probability of

bit error according to the equations developed in Appendix B.

TERM #5 [Eq. (282)]: We will compute the value of QUOT; a total of 48 times, 12
times for each value of ST = 500, 1000, 1500, and 2000. For each value
of BT, we have the four corresponding values of the normalized channel
spacing integer I, or equivalently, the number of adjacent channels M.
We will compute the value of QUOT; three times for each value of I.
QUOT; will be computed once for all M/2 of the lower adjacent channels
being packed with 1s and the upper adjacent channels being packed with
0s. This is the case: (b~ = 1,67 =0). QUOT; will be computed once for
the lower adjacent channels being packed with 0s and the upper adjacent
channels being packed with 1s. This is the case: (b~ = 0,67 = 1). Finally,
we will compute QUOT; once more for both the lower and upper adjacent
channels being packed with 1’s. This is the case: (b~ = 1,b" = 1). These
twelve values of QUOT; for each value of ST will be used in each of the
four separate bit error programs to compute each of the four multiple
channel probability of bit error traces using the equations and methods

developed in Appendix B.

TERM #6 [Eq. (283)]: We will compute the QUOT{ portion of TERM #6 four times,
once each for ST = 500, 1000, 1500, and 2000. Each of the values will be
used in separate to compute program probability of bit error according

to the equations developed in Appendix B.
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TERM #7 [Eq. (284)]: We will compute the QUOT; portion of TERM #7 four times,

TERM #8

TERM #9

once for each value of 8T = 500, 1000, 1500, and 2000. Each of these
values will be used in a separate program to compute the probability of

bit error according to the equations developed in Appendix B.

[Eq. (292)): We compute the value of QUOTg twelve times for each
value of BT. These twelve values of QUOTg for each value of BT will be
used in each of the four separate bit error graphing programs to compute
each of the four multiple channel probability of bit error traces using the

equations and methods developed in Appendix B.

[Eq. (296)]: We compute the value of QUOTy twelve times for each
value of BT. These twelve values of QUOT, for each value of ST will be
used in each of the four separate bit error graphing programs to compute
each of the four multiple channel probability of bit error traces using the

equations and methods developed in Appendix B.

TERM #10 [Eq. (299)]: We compute the value of QUOT,, twelve times for each

value of BT. These twelve values of QUOT,, for each value of T will be
used in each of the four separate bit error graphing programs to compute
each of the four multiple channel probability of bit error traces using the

equations and methods developed in Appendix B.

Note: When we say we are computing QUOT;, we are not being exactly mathemat-

ically correct, as we compute each of these terms without the bit values byo and/or

bo,—1 the factor (1 — p)2. These are accounted for in the final programs. For example

BT—-106T-
Term #1 = R PT (1 — p)?b2, Zl 21 pHm (1 - (w_m_))) (305)

BT

g=0 m=0

~

QUOT,
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However, the computer program for Term #1 (QUOT)) only computes

FT1PT-1 max(g, m

% 2o - (5 oo
four times for AT = 500, 1000, 1500, 2000. (1 — p)* and the value of (by¢)?* are
accounted for in the final programs which utilize the equations and methods developed
in Appendix B. The author apologizes for the slight stretch of the truth, but it seemed
necessary to succinctly explain the general method of computing each of the ten terms,
and the final graphs.

For completness we also present the probability of bit error equation for a single

channel operation

2
where we recall [Eq. (271), Appendix B] that

P=0Q GZ) (307)

RFT _pp L (308)

Z= VNoT N,

and
1 o0 2
=—= [ V% 309
Qo) = = [ ey (309)
The computer programs for each of the ten terms, the numerical results, and the final

graph are now presented.
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%%%%%%%%%%%%%7%%%%%%%%7%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%Z%%%%%%%%%%%%%%%%
THESIS COMPUTER WORK

"o

h l I

[/ | TERM #1 |

é b I

%  COMMENTS: THE IDEA OF THIS PROGRAM IS TO COMPUTE THE FOUR VALUES OF

% TERM #1 AND TO WRITE THESE VALUES TO DIARY FILE FOR LATER
h USE/MANIPULATION IN CALCULATING THE DETECTION STATISTIC

% AND THE PROBABILITIES OF BIT ERROR

/.

h

% JOHN A. STUDER DATE LAST MODIFIED: i1 SEP 94

% CPT, U.S ARMY
%/ 550-53-7181
Ul U ettt et Tl t ol Tl Tl Tl T b T Rl R LRI IR DI L TN

rho = 0.99;

betatau = [500 1000 1500 2000];

for 1 = 1:4

termisum(i)= 0
for g = 1:betatau(i)
for m = 1:betatau(i)
termisum(i) = termisum(i)+(rho. ‘((g 1)+(m=-1))*..
(1-(max([g-1 m-1]’ )/betatau(l))))
end
end

end

diary johnmanl.txt

diary on

termisum

diary off

end
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termlsum =

1.0e+03 *
7.0510 8.5126 9.0083 9.2563 % numbers/arrows/words
% below added after matlab
% dumped answers to file using
% the diary command
500 1000 1500 2000 ---- Dbetatau values

% The numbers displayed above are the computed values of

% Term #1 for the four values of betatau given above.

% These values will be used later in other programs to compute detection

h statistics and the probabilities of bit error for various signal to noise
% ratios.

128




L U L Ul h ettt et ettt el Tl T Al I Tl Tl T T K T I e Al T NI AR DA
% THESIS COMPUTER WORK

%

/2

% | |

% | TERM #2 |

; , e I

i COMMENTS: THE IDEA OF THIS PROGRAM IS TO COMPUTE THE FOUR VALUES

h OF TERM #2 CORRESPONDING TO THE FOUR VALUES OF

% betatau: 500,1000,1500,2000. WE WILL USE BACKGROUND

h PROCESSING TO WRITE THESE FOUR VALUES TO AN QUTPUT

h FILE CALLED term2.out. WE WILL USE THESE FOUR OUTPUT
% VALUES FOR TERM #2 TO LATER, IN ANOTHER PROGRAM

JA COMPUTE THE DETECTION STATISTICS AND PROBABILITIES

h OF BIT ERROR FOR THE VARIOUS SIGNAL TO NOISE RATIOS.
h

h

% JOHN A. STUDER DATE LAST MODIFIED: 11 SEP 94

% CPT, U.S. ARMY
% 550-53-7181
LU L Ll Ll U U e ettt ettt el T T Rl T T R I T IR L TR R ISR L R
rho = 0.99;
betatau = [500 1000 1500 2000];
for 1 = 1:4
term2sum(i) = 0;
for g = 1l:betatau(i)-1
for m = 1: betatau(i)-1
term2sum(i) = term2sum(i) + ((rho~(g+m))*min(g,m));
end
end
term2sumfinal (i) = term2sum(i)/betatau(i);
end
term2sumfinal
exit
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<MATLAB(R) >
(c) Copyright 1984-94 The MathWorks, Inc.
All Rights Reserved
Version 4.2
Mar 29 1994

Commands to get started: intro, demo, help help
Commands for more information: help, whatsnew, info, subscribe

term2sumfinal = % The numbers/arrows/words
% below were added after
959.5662 492.4271 328.3413 246.2563 % the matlab background job
% dumped the values to the

A " - " - h file term2.out

h 500 1000 1500 2000 % All values/text not done by
/A " /i Sun Stn is preceded by a "%"
ho - betatau values--------

LU,
% TERM #2 Y,

A h
AN YA A AN NN AN

29965020 flops.
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Ll U Ul ettt et el el Tl T T Rl I T T T Kl Tl R T DTN e
% THESIS COMPUTER WORK

%

%

/2

% I I

% [ TERM #3 |

5 e I

i COMMENTS: THE IDEA OF THIS PROGRAM IS TO COMPUTE THE FOUR VALUES OF

A TERM #3 CORRESPONDING TO THE FOUR VALUES OF

% betatau: 500,1000,1500,2000. WE WILL USE BACKGROUND

h PROCESSING TO COMPUTE THE VALUES AND WRITE THESE FOUR
h VALUES TO A FILE CALLED term3.out. WE WILL USE THESE
h FOUR VALUES FOR TERM #3 TO LATER, IN ANOTHER PROGRAM
h COMPUTE THE DETECTION STATISTICS AND PROBABILITIES OF
h BIT ERROR FOR THE VARIOUS SIGNAL TO NOISE RATIOS.

h

% JOHN A. STUDER DATE LAST MODIFIED: 12 SEP 1994

% CPT, U.S. ARMY
% 550-53-7181
L U L Ll U U e ettt e el te Tt el Tt T T AT BB Il AR AR DRI A AAADL D
format short e
rtho = 0.99;
betatau = [500 1000 1500 2000];
for 1 = 1:4
term3sum(i) = 0;
for g = 1l:betatau(i)-1
for m = betatau(i):((2*betatau(i))-1)
if m-betatau(i) < g
term3sum(i) = term3sum(i) + ((rho~(g+m))*(g-(m-betatau(i))));
end
end
end
term3sumfinal (i) = (2*term3sum(i))/betatau(i);
end
term3sumfinal
exit
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<MATLAB () >

(c) Copyright 1984-93 The MathWorks,

All Rights Reserved
Version 4.1
Jun 15 1993

Commands to get started: intro, demo, help help
Commands for more information: help, whatsnew, info,

term3sumfinal =
1.2211e+01  4.2917e-02  1.8815e-04 9.2720e-07
0/. ~ -~ ~ ~
% 500 1000 1500 2000
%
A
h  mmmmmmmmm———- betatau values ---------=------
AN AN AN AN A
% A
% TERM #3 %
% %

29990004 flops.

AN AAA
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subscribe

%
h

h
h
h
//
/

Numbers/arrows/words
below were added after
the matlab background
job dumped the values
to the file term3.out
All values/text not
done by Sun Stn. 1is
preceded by a "%".




Ll et Ut et et et Tt bt Tl Tl Tl T R h T T K I I A T b T Tt h NI R R
Y% THESIS COMPUTER WORK

%

% o

% | l

% |  TERM #4 I

% e l

i COMMENTS: THE IDEA OF THIS PROGRAM IS TO COMPUTE THE FOUR VALUES

h OF TERM #4 CORRESPONDING TO THE FOUR VALUES OF

% betatau: 500,1000,1500,2000. WE WILL USE BACKGROUND

h PROCESSING TO WRITE THESE FOUR VALUES TO AN OUTPUT

A FILE CALLED term4.out. WE WILL USE THESE FOUR OUTPUT
% VALUES FOR TERM #4 TO LATER , IN ANOTHER PROGRAM

A COMPUTE THE DETECTION STATISTICS AND PROBABILITIES

A OF BIT ERROR FOR THE VARIOUS SIGNAL TO NOISE RATIOS.
/

h

% JOHN A. STUDER DATE LAST MODIFIED: 13 SEP 94

% CPT, U.S. ARMY
% 550-53-7181
L L Ll L e Ut e e e ettt T Ut el l he et R L L T Tt B L f Tl AR T AR A DD RS DIILDD DD
format short e
rho = 0.99;
betatau = [500 1000 1500 2000];
for 1 = 1:4
termd4sum(i) = 0;
for g = betatau(i):((2*betatau(i))-1)
for m = betatau(i): ((2*betatau(i))-1)
term4sum(i) = term4sum(i) + ((rho~(g+m))*...
(1-(max(g-betatau(i),m-betatau(i))/betatau(i))));
end
end
term4sumfinal (i) = termd4sum(i);
end
term4sumfinal
exit
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<MATLABCQR) >

(c) Copyright 1984-94 The MathWorks, Inc.

All Rights Reserved
Version 4.2
Mar 29 1994

Commands to get started: intro, demo, help help
Commands for more information: help, whatsnew, info, subscribe

term4sumfinal =
3.0440e-01 1.5865e-05  7.2482e-10 3.2152e-14
°/. ~ ~ ~ ~
A 500 1000 1500 2000
o/o -~
)
h  mmmmmmmmmmee- betatau values =------=--------

60010008 flops.

5%%%%%%%%%%%%%%3
i TERM #4 i
// h
YA YN A Y YA YA A
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h
h
%
h
h
h

/

Numbers/arrows/words
below were added after
the matlab bkgd job
dumped the values to
the file term4.out

All values/text not
done by Sun Stn is
preceded by a "}".



LU U U Ut et et Tt l t e Tl T Tl T Rl T T T Tl T e AL A LI AL LA A Tk
% THESIS COMPUTER WORK

%

%

%

b m————

%

I |
/ l TERM #5 |
/ | betatau = 500 |
5 oo |
% COMMENTS: THE IDEA OF THIS PROGRAM IS TO COMPUTE TERM #5
A FOR THE VALUE OF betatau = 500. WE WILL COMPUTE
% FOR THE FOUR VALUES OF I (AN INTEGER). THE VALUES OF I FOR
% betatau = 500 are I = [4 5 8 20]. WE WILL COMPUTE THE VALUE OF
/A TERM #5 THREE TIMES FOR EACH CORRESPONDING VALUE OF I. ONCE FOR
% ALL M/2 OF THE LOWER ACI CHANNELS (have negative summation index)
h BEING PACKED WITH 1’S AND THE UPPER ACI CHANNELS ALL BEING PACKED
A WITH 0°S. THIS IS THE CASE: (b-=1,b+=0). ONCE FOR ALL THE LOWER
h ACI CHANNELS BEING PACKED WITH ZERO’S AND THE UPPER ACI CHANNELS
YA (have a positive summation index) BEING PACKED WITH 1’S. THIS
% IS THE CASE: (b-=0,b+=1). FINALLY ONCE FOR BOTH THE UPPER AND
YA LOWER ACI CHANNELS BEING PACKED WITH 1’S. THIS IS THE CASE:
% (b-=1,b+=1). WE WILL USE BACKGROUND PROCESSING WHICH WILL
A DUMP ALL TWELVE VALUES TO A FILE CALLED term5500.mat
% SINCE THE FILE IS IN BINARY FORMAT WE WILL USE MATLAB
h INTERACTIVE COMMANDS AND THE TEXT EDITOR TO PRODUCE
A READABLE HARDCOPY RESULTS. AFTER THIS IS ALL DONE, WE WILL
A USE THESE VALUES LATER , IN ANOTHER PROGRAM TO COMPUTE THE
% DETECTION STATISTICS AND PROBABILITIES OF BIT ERROR FOR THE
h VARIOUS SIGNAL TO NOISE RATIOS.
L}
/A
% JOHN A. STUDER DATE LAST MODIFIED: 22 OCT 94

% CPT, U.S. ARMY
Y, 550-53-7181
L Ll U L Ll Uttt e e et e et Tt el T Tt bl T T AR I A AR AR LIRS AR

format short e

rho = 0.99;
betatau = 500;
I=1[452820];

M = [124 98 60 24];
g = 0:(betatau-1);
m = 0:(betatau-1);
row = rho."g;

col = rho."m;
rhomatrix = col’*row;
rowprime = g(ones(betatau,1),:);
colprime = rowprime’;
WO = max(rowprime,colprime);
C = WO/betatau;
ONEMINUSMAX = 1-C;
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A = colprime-rowprime; % m-g for later complex exponential
for 1 = 1:4
bitmatrix = [-M(i)/2:-1 zeros(1,M(1)/2);zeros(1,M(i)/2) 1:M(i)/2;...
-M(i)/2:-1 1:M(i)/2];
const = ((2*pi*I(i))/betatau);
for bitpat = 1:3
termSsum(i,bitpat) = 0;
work = bitmatrix(bitpat,:);
m = work==0;

work(m)=[];
k = work;
n = k;

for kct = 1:length(k)
for nct = 1:length(n)
if kct == nct
B = j*((2#pixk(kct)*I(i)*A)/betatau);
D = exp(B);
termSsum(i,bitpat) = termSsum(i,bitpat)+...
sum(sum(rhomatrix.*D.*0ONEMINUSMAX) ) ;

else
E1l = exp(j*const*((n(nct)*colprime)-(k(kct)*rowprime)));%iki
E2 = 1-exp(j*const*(k(kct)-n(nct))*W0);

termSsum(i,bitpat) = termSsum(i,bitpat) +...
sum(sum( (rhomatrix.*E1.*E2)/(j*2*pi*I(i)*(k(kct)-n(nct)))));

end
end
end
end
end
save term5500 termSsum
exit
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<MATLABQR) >
(c) Copyright 1984-93 The MathWorks, Inc.
All Rights Reserved
Version 4.1
Jun 15 1993

Commands to get started: intro, demo, help help
Commands for more information: help, whatsnew, info, subscribe

>> load term5500.mat
>> who

Your variables are:
termSsum

>> termbsum

termSsum =
1.0e+03 *
1.5423 - 0.00001 1.5423 + 0.00001 1.3825 + 0.00001 %4 I =4
0.9419 - 0.00001 0.9419 + 0.00001 0.9001 - 0.00001i % I =65
0.3307 - 0.00001 0.3307 + 0.00001 0.3576 + 0.00001 % I =8
0.0431 - 0.00001 0.0431 + 0.00001 0.0580 - 0.0000i % I = 20
>>

l/. ~ ~ ~
% CASE: (b-=1,b+=0) CASE: (b-=0,b+=1) CASE: (b-=1,b+=1)

VAN AN NN NSNS A A A YA
% TERM #5 A
% Dbetatau = 500 Y%
VAN NN AN NN AN A AN A

NOTE: THIS IS THE FILE term5500.out CREATED FROM THE
BINARY FILE term5500.mat USING MATLAB INTERACTIVE COMMANDS.
ALL TEXT PRECEDED BY A % WAS ADDED LATER USING A
TEXT EDITOR.
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I Tl T T T T T T AT Tl T T Tl T T Ll T Tl T Tl Lt el ol e et el At ol
h THESIS COMPUTER WORK
h

%

/2

% I I

% | TERM #6 |

% e |

%

% COMMENTS: THE IDEA OF THIS PROGRAM IS TO COMPUTE THE FOUR VALUES OF

% TERM #6 CORRESPONDING TO THE FOUR VALUES OF betatau WHICH ARE:
% 500,1000,1500,2000. WE WILL USE BACKGROUND PROCESSING TO

% COMPUTE THE VALUES AND WRITE THESE FOUR VALUES TO A FILE

/A CALLED term6.out. WE WILL USE THESE FOUR VALUES FOR TERM #6

% TO LATER, IN ANOTHER PROGRAM COMPUTE THE DETECTION STATISTICS
% AND PROBABILITIES OF BIT ERROR FOR THE VARIOUS SIGNAL TO

A NOISE RATIOS.

[}

A

% JOHN A. STUDER DATE LAST MODIFIED: 16 SEP 94

% CPT, U.S. ARMY
% 550-53-7181
A A A A A A A LA R YA AL AR AR A
format short e
rho = 0.99;
betatau = [500 1000 1500 2000];
for 1 = 1:4

term6sum(i) = 0;

for g = 1l:betatau(i)

for m = 1:betatau(i)-1

if (g-1) < m
term6sum(i) = termésum(i) + ((rho”~((g-1)+m))*(m-(g-1)));
end
end
end
term6sumfinal (i) = (2*term6sum(i))/betatau(i);
end
term6sumfinal
exit
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<MATLABC(R) >

(c) Copyright 1984-94 The MathWorks, Inc.

All Rights Reserved
Version 4.2
Mar 29 1994

Commands to get started: intro, demo, help help
Commands for more information: help, whatsnew, info, subscribe

term6sumfinal =

1.8585e+03  9.9411e+02 6.6331e+02 4.9749e+02

./' -~ -~ -~ -~
h 500 1000 1500 2000
%

h  mmmmmmmmeme- betatau values ----====-===-=

33732508 flops.

BRI
i TERM #6 i

A %
YAAA AN AN AN YA A AA
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%

%
/
%

h
h

Numbers/arrows/words
below were added after
the matlab bkgd job
dumped the values to
the file term6.out

All values/text not
done by Sun Stn is
preceded by a "%".




WIBDIRIIIII T T DI Tl T o o o T o o o o e T T ol T T T N R AR UL LTI I I I T D DD L Tl
h THESIS COMPUTER WORK
/

/A

hoo oo

/A I I

h I TERM #7 I

/A | oo I

h

% COMMENTS: THE IDEA OF THIS PROGRAM IS TO COMPUTE THE FOUR VALUES OF

% TERM #7 CORRESPONDING TO THE FOUR VALUES OF betatau WHICH ARE

% 500,1000,1500,2000. WE WILL USE BACKGROUND PROCESSING TO COMPUTE
% THE VALUES AND WRITE THESE FOUR VALUES TO A FILE CALLED

/A term7.out. WE WILL USE THESE FOUR VALUES FOR TERM #7 TO

yA LATER, IN ANOTHER PROGRAM COMPUTE THE DETECTION STATISTICS

% AND PROBABILITIES OF BIT ERROR FOR THE VARIOUS SIGNAL TO

% NOISE RATIOS.

%

% JOHN A. STUDER DATE LAST MODIFIED: 16 SEP 94

% CPT, U.S. ARMY
% 550-532-7181
T T T T T
format short e
rho = 0.99;
betatau = [500 1000 1500 2000];
for i = 1:4
term7sum(i) = 0;
for g = 1:betatau(i)
for m = betatau(i): ((2*betatau(i))-1)
term7sum(i) = term7sum(i) + ...
((rho~ ((g-1)+m))*(1-(max(g-1,m-betatau(i))/betatau(i))));
end
end
term7sumfinal (i) = 2*term7sum(i);
end
term7sumfinal
exit
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<MATLABCQR) >
(c) Copyright 1984-94 The MathWorks, Inc.
A1l Rights Reserved
Version 4.2
Mar 29 1994

Commands to get started: intro, demo, help help
Commands for more information: help, whatsnew, info, subscribe

term7sumfinal = % Numbers/arrows/words
% below were added after

9.2657e+01 7.3500e-01 5.1105e-03 3.4503e-05 % the matlab bkgd job

% dumped the values to

A B - - - % the file term7.out

% 500 1000 1500 2000 % All values/text not
h % done by Sun Stn is

A % preceded by a "i".

h —mmmmmmm- betatau values ------==-=-=-=-=

?%%%%%%%%%%Z%%é
i TERM #7 i
% h
AN AT AN

67510004 flops.
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NI T T Tl T I T T T I I Il DI Tl KA I I L LR ATl L AR DI I T DDA IS D DD AAI I DD

/A THESIS COMPUTER WORK

0,

)

%

A

% I |

A I TERM #8 |

% I betatau = 500 |

; |

% COMMENTS: THE IDEA OF THIS PROGRAM IS TO COMPUTE TERM #8

/A FOR THE VALUE OF betatau = 500. WE WILL COMPUTE

% FOR THE FOUR VALUES OF I (AN INTEGER). THE VALUES OF I FOR

/A betatau = 500 are I = [4 5 8 20]. WE WILL COMPUTE THE VALUE OF

% TERM #8 THREE TIMES FOR EACH CORRESPONDING VALUE OF I. ONCE FOR
% ALL M/2 OF THE LOWER ACI CHANNELS (have negative summation index)
% BEING PACKED WITH 1’S AND THE UPPER ACI CHANNELS ALL BEING PACKED
% WITH 0°S. THIS IS THE CASE: (b-=1,b+=0). ONCE FOR ALL THE LOWER
% ACI CHANNELS BEING PACKED WITH ZERO’S AND THE UPPER ACI CHANNELS
yA (have a positive summation index) BEING PACKED WITH 1’S. THIS

% IS THE CASE: (b-=0,b+=1). FINALLY ONCE FOR BOTH THE UPPER AND

% LOWER ACI CHANNELS BEING PACKED WITH 1’S. THIS IS THE CASE:

YA (b-=1,b+=1). WE WILL USE BACKGROUND PROCESSING WHICH WILL

% DUMP ALL TWELVE VALUES TO A FILE CALLED term8500.out. WE WILL

% USE THESE VALUES LATER , IN ANOTHER PROGRAM TO COMPUTE THE

% DETECTION STATISTICS AND PROBABILITIES OF BIT ERROR FOR THE

% VARIOUS SIGNAL TO NOISE RATIOS.

[}

%

% JOHN A. STUDER DATE LAST MODIFIED: 26 SEP 94

% CPT, U.S. ARMY
% 550-53-7181
I I T I I Il Tt T et el T e T T T T Il T el el Tt T T e T o T I o T e h e T H T T e KT h S e T
format short e
rho = 0.99;
betatau = 500;
I =10458 20];
M = [124 98 60 24];
for i = 1:4
k = [-M@1)/2:-1 1:M(@1)/2];
term8sum500(i) = 0;
for ct = 1:M(1)
for g = 1l:betatau
for m = 1:betatau
term8sum500(i) = term8sum500(i) + ((rho~((g-1)+(m-1)))/...
(pixk(ct)*I(1)))*(sin(2*pixk(ct)*I(i)*. ..
(1-((m-1) /betatau)))-sin(((2*pixk(ct)*I(i))/. ..
betatau)*(max(g-1,m-1)-(m-1))));
end
end
if ct == M(1)/2
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term85001left (i) = term8sum500(i);
end

end

term85001r(i) = term8sum500(i);

term8500right (i) = term85001r(i)-term8500left(i);
end
term85001eft
term8500right
term85001r
exit
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<MATLAB (R >
(c) Copyright 1984-94 The MathWorks, Inc.
All Rights Reserved
Version 4.2
Mar 29 1994 F

Commands to get started: intro, demo, help help
Commands for more information: help, whatsnew, info, subscribe

term85001left =

-3.7098e+02 -2.3852e+02 -9.2820e+01 -1.4109e+01 J, CASE: (b-=1,b+=0)

term8500right =

-3.7098e+02 -2.3852e+02 -9.2820e+01 -1.4109e+01 % CASE: (b-=0,b+=1)

term85001r =

-7.4196e+02 -4.7703e+02 -1.8564e+02 -2.8217e+01 ¥, CASE: (b-=1,b+=1)

%  VALUES OF NORMALIZED CHANNEL SPACING INTEGER I

VAN AN AN YA A AA
% TERM #8 %
% betatau = 500 %
VYA S AN A A AN A

NOTE: ALL TEXT PRECEDED BY A 7 WAS ADDED
BY A TEXT EDITOR AFTER THE BACKGROUND
JOB CREATED THE FILE term8500.out.

2142000318 flops.
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Ul U el et e U e ettt Tl T T T T Rl e T T el T e A N A AN
% THESIS COMPUTER WORK
%

/
h
/2
h

| |
% | TERM #8 I
/ |  betatau = 1000 |
% | e l
h
% COMMENTS: THE IDEA OF THIS PROGRAM IS TO COMPUTE TERM #8
% FOR THE VALUE OF betatau = 1000. WE WILL COMPUTE
h FOR THE FOUR VALUES OF I (AN INTEGER). THE VALUES OF I FOR
% betatau = 1000 are I = [5 6 9 20]. WE WILL COMPUTE THE VALUE OF
pA TERM #8 THREE TIMES FOR EACH CORRESPONDING VALUE OF I. ONCE FOR
% ALL M/2 OF THE LOWER ACI CHANNELS (have negative summation index)
/A BEING PACKED WITH 1’S AND THE UPPER ACI CHANNELS ALL BEING PACKED
YA WITH 0’S. THIS IS THE CASE: (b-=1,b+=0). ONCE FOR ALL THE LOWER
/A ACI CHANNELS BEING PACKED WITH ZERO’S AND THE UPPER ACI CHANNELS
h (have a positive summation index) BEING PACKED WITH 1’S. THIS
h IS THE CASE: (b-=0,b+=1). FINALLY ONCE FOR BOTH THE UPPER AND
% LOWER ACI CHANNELS BEING PACKED WITH 1’S. THIS IS THE CASE:
/A (b-=1,b+=1). WE WILL USE BACKGROUND PROCESSING WHICH WILL
% DUMP ALL TWELVE VALUES TO A FILE CALLED term81lk.mat
/A SINCE THE FILE IS IN A BINARY FORMAT WE WILL THEN USE
% MATLAB INTERACTIVE COMMANDS AND THE TEXT EDITOR TO PRODUCE
% READABLE HARDCOPY RESULTS. AFTER THIS IS DONE, WE WILL
A USE THESE VALUES LATER , IN ANOTHER PROGRAM TO COMPUTE THE
% DETECTION STATISTICS AND PROBABILITIES OF BIT ERROR FOR THE
A VARIOUS SIGNAL TO NOISE RATIOS.
9,
/A
% JOHN A. STUDER DATE LAST MODIFIED: 27 SEP 94

% CPT, U.S. ARMY
% 550-53-7181
e e e e et e et el t el Tl R T Tl AT AR DD RR T ARSI BT T
format short e
rho = 0.99;
betatau = 1000;
I=1[562920];
M = [198 164 110 48];
for i = 1:4
k = [-M(i)/2:-1 1:M(1)/2];
term8sum(i) = 0;
for ct = 1:M(31)
for g = l:betatau
for m = 1:betatau
term8sum(i) = term8sum(i) + ((rho~((g-1)+(m-1)))/...
(pi*k(ct)*I(i)))*(sin(2*pixk(ct)*I(i)*...
(1-((m-1)/betatau)))-sin(((2*pi*k(ct)*I(i))/...
betatau)*(max(g-1,m-1)-(m-1))));
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end
end
if ct == M(i)/2
term81kleft(i) = term8sum(i);
end
end
term81klr(i) = term8sum(i);
term81kright(i) = term81klr(i)-term81ikleft(i);
end
save term8lk term8likleft term8lkright term81klr
exit
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<MATLAB(R) >
(c) Copyright 1984-93 The MathWorks, Inc.
A1l Rights Reserved

>> load term81k
>> who

Your variables are:

term81lkleft term81klr

>> term8ikleft

term8lkleft =

Version 4.1
Jun 15 1993

term81kright

Commands to get started: intro, demo, help help
Commands for more information: help, whatsnew, info, subscribe

% CASE:

% CASE:

% CASE:

-464.3344 -327.7899 -148.2912 -29.7545
>> term81ikright
term8lkright =
-464.3344 -327.7899 -148.2912 -29.7545
>> term81klr
term81klr =
-928.6688 -655.5798 -296.5824 -59.5090
>>
0/. -~ -~ ~ -~
% I =65 I =6 I=29 I =20
YA
o/. et
% VALUES OF THE NORMALIZED CHANNEL SPACING INTEGER
YA NN AN AN YA YA
A TERM #8
% betatau =

147

1000 %
VAN AN AN AN AN

NOTE: THIS IS THE FILE term8lk.out CREATED FROM THE
BINARY FILE term8ik.mat USING MATLAB INTERACTIVE
COMMANDS. ALL TEXT PRECEDED BY A % WAS ADDED LATER
USING A TEXT EDITOR.

(b-=1,b+=0)

(b-=0,b+=1)

(b-=1,b+=1)




WIIIIIBII DT T T I I I I Nl T Rl B AR IRI DN DA DI IS NI DS T Tl b bl b Bl N AN e

h
h
’
%
/
%

rho

THESIS COMPUTER WORK

T T |
| TERM #8 I
| betatau = 1500 |

COMMENTS: THE IDEA OF THIS PROGRAM IS TO COMPUTE TERM #8

FOR THE VALUE OF betatau = 1500. WE WILL COMPUTE

FOR THE FOUR VALUES OF I (AN INTEGER). THE VALUES OF I FOR
betatau = 1500 are I = [7 9 12 20]. WE WILL COMPUTE THE VALUE OF
TERM #8 THREE TIMES FOR EACH CORRESPONDING VALUE OF I. ONCE FOR
ALL M/2 OF THE LOWER ACI CHANNELS (have negative summation index)
BEING PACKED WITH 1’S AND THE UPPER ACI CHANNELS ALL BEING PACKED
WITH 0’S. THIS IS THE CASE: (b-=1,b+=0). ONCE FOR ALL THE LOWER
ACI CHANNELS BEING PACKED WITH ZERO’S AND THE UPPER ACI CHANNELS
(have a positive summation index) BEING PACKED WITH 1’S. THIS

IS THE CASE: (b-=0,b+=1). FINALLY ONCE FOR BOTH THE UPPER AND
LOWER ACI CHANNELS BEING PACKED WITH 1’S. THIS IS THE CASE:
(b-=1,b+=1) . WE WILL USE BACKGROUND PROCESSING WHICH WILL

DUMP ALL TWELVE VALUES TO A FILE CALLED term815k.out WE WILL

USE THESE VALUES LATER, IN ANOTHER PROGRAM TO COMPUTE THE
DETECTION STATISTICS AND PROBABILITIES OF BIT ERROR FOR THE
VARIOUS SIGNAL TO NOISE RATIOS.

JOHN A. STUDER DATE LAST MODIFIED: 27 SEP 94

CPT, U.S. ARMY

550-53-7181

YA AN YA Y AN AN Y YA NN YN YA A AN YA AN YA YA YA YA YA YN YA YA A Y YA YA

format short e

= 0.99;

betatau =

1500;

= [7 9 12 20];

= [212 164 124 74];
for i = 1:4

[-M(@i)/2: -1 1:M(1)/2]1;

termSSum(l) 0;

for ct

end

1:M(1)

for g =
for m = 1:betatau

term8sum(i) = term8sum(i) + ((rho~((g-1)+(m-1)))/...

1:betatau

(pi*k(ct)*I(i)))*(sin(2*xpixk(ct)*I(i)*. ..
(1-((m-1)/betatau)))-sin(((2*pixk(ct)*I(1))/...
betatau)*(max(g-1,m-1)-(m-1))));

if ct == M(1)/2
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term815kleft(i) = term8sum(i);
end

end

term815klr(i) = term8sum(i);

term815kright (i) = term815klr(i)-term815kleft(i);
end '
term815kleft
term815kright
term815klr
exit
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<MATLAB(R)>
(c) Copyright 1984-94 The MathWorks, Inc.
All Rights Reserved
Version 4.2
Mar 29 1994

Commands to get started: intro, demo, help help
Commands for more information: help, whatsnew, info, subscribe

malloc
malloc
malloc
malloc
malloc
malloc

count
count
count
count
count
count

term815kleft

-3.5253e+02

term815kright

-3.5253e+02

term815klr =

=7.0505e+02

%

% I
%
%

%  VALUES

matches
matches
matches
matches
matches
matches

malloc_debug_count
malloc_debug_count
malloc_debug_count
malloc_debug_count
malloc_debug_count
malloc_debug_count

-2.1854e+02 -1.2475e+02

-2.1854e+02 -1.2475e+02

-4.3708e+02 -2.4950e+02
I=29 I =12

-4.5096e+01

-4.5096e+01

-9.0192e+01

NORMALIZED CHANNEL SPACING INTEGER I

36162000586 flops.

AN AN YA YA A

% TERM #8
% betatau =

1500 Y%

YANANANA AN N YA AN YA AA

NOTE: THIS IS THE FILE term815k.out. ALL TEXT
PRECEDED BY A % WAS ADDED LATER USING A

TEXT EDITOR.
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h CASE: (b-=1,b+=0)

h CASE: (b-=0,b+=1)

% CASE: (b-=1,b+=1)



Ut U e et et T ettt h ettt e Tl e Tl T T K Tl A T Tl el S R AT Tl A e
A THESIS COMPUTER WORK
%

//

/.

/2SR

h I I

% I TERM #8 I

/ | betatau = 2000 |

¥ | e I

% COMMENTS: THE IDEA OF THIS PROGRAM IS TO COMPUTE TERM #8

h FOR THE VALUE OF betatau = 2000. WE WILL COMPUTE

h FOR THE FOUR VALUES OF I (AN INTEGER). THE VALUES OF I FOR

/A betatau = 2000 are I = [8 9 12 20]. WE WILL COMPUTE THE VALUE OF
A TERM #8 THREE TIMES FOR EACH CORRESPONDING VALUE OF I. ONCE FOR
h ALL M/2 OF THE LOWER ACI CHANNELS (have negative summation index)
h BEING PACKED WITH 1’S AND THE UPPER ACI CHANNELS ALL BEING PACKED
h WITH 0’S. THIS IS THE CASE: (b-=1,b+=0). ONCE FOR ALL THE LOWER
A ACI CHANNELS BEING PACKED WITH ZERO’S AND THE UPPER ACI CHANNELS
h (have a positive summation index) BEING PACKED WITH 1’S. THIS

h IS THE CASE: (b-=0,b+=1). FINALLY ONCE FOR BOTH THE UPPER AND

yA LOWER ACI CHANNELS BEING PACKED WITH 1’S. THIS IS THE CASE:

A (b-=1,b+=1). WE WILL USE BACKGROUND PROCESSING WHICH WILL

h DUMP ALL TWELVE VALUES TO A FILE CALLED term82k.mat. WE WILL

h THEN SINCE THE FILE IS IN BINARY FORMAT USE MATLAB INTERACTIVE

A COMMANDS AND THE TEXT EDITOR TO PRODUCE READABLE HARDCOPY

A RESULTS. WE WILL USE THESE VALUES LATER, IN ANOTHER PROGRAM

A TO COMPUTE THE DETECTION STATISTICS AND PROBABILITIES OF

/A BIT ERROR FOR THE VARIOUS SIGNAL TO NOISE RATIOS.

9,

h

% JOHN A. STUDER DATE LAST MODIFIED: 27 SEP 94

% CPT, U.S. ARMY
% 550-53-7181
U e e e e el T el Tl el Tl A T ek A AT IS DRI A AT T DD DAA R DN
format short e
rho = 0.99;
betatau = 2000;
I=1[89 12 20];
M = [248 220 164 98];
for 1 = 1:4
k = [-M(i)/2:-1 1:M(@i)/2];
term8sum(i) = 0;
for ct = 1:M(1)
for g = 1l:betatau
for m = 1:betatau
term8sum(i) = term8sum(i) + ((rho~((g-1)+(m-1)))/...
(pi*k(ct)*I(i)))*(sin(2*pi*k(ct)*I(i)*. ..
(1-((m-1) /betatau)))-sin(((2*pi*k(ct)*I(i))/...
betatau)*(max(g-1,m-1)-(m-1))));
end
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end
if ct == M(1)/2
term82kleft(i) = term8sum(i);
end
end
term82klr(i) = term8sum(i);
term82kright(i) = term82klr(i)-term82kleft(i);
end
save term82k term82kleft term82kright term82klr
exit
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<MATLAB(R) >
(c) Copyright 1984-93 The MathWorks, Inc.
All Rights Reserved

Version 4.1
Jun 15 1993

Commands to get started: intro, demo, help help
Commands for more information: help, whatsnew, info, subscribe

>
>

Y
t
>

t

>

t

>

t

h
h
h

> load term82k.mat

> who
our variables are:
erm82kleft term82klr term82kright

> term82kleft

erm82kleft =

-351.8931 -283.0055 -163.9044 -60.1542
> term82kright

erm82kright =

-351.8931 -283.0055 -163.9044 -60.1542
> term82klr

erm82klr =

-703.7863 -566.0110 -327.8088 -120.3084

% CASE: (b-=1,b+=0)

% CASE: (b-=0,b+=1)

% CASE: (b-=1,b+=1)

VALUES OF THE NORMALIZED CHANNEL SPACING INTEGER I

AN A YA NN A

A TERM #8

% betatau = 2000 %
AN NN N A NS AN

NOTE: THIS IS THE FILE term82k.out CREATED FROM THE
BINARY FILE term82k.mat USING MATLAB INTERACTIVE
COMMANDS. ALL TEXT PRECEDED BY A % WAS ADDED LATER

USING A TEXT EDITOR.
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Il Il T T T Tt e T Tt e T e T el T e T fe Tt R Tl T e R Tl e he R oA D
YA THESIS COMPUTER WORK
%

/A

h

A

% I I

h | TERM #9 |

% |  betatau = 500 I

? e I

% COMMENTS: THE IDEA OF THIS PROGRAM IS TO COMPUTE TERM #9

A FOR THE VALUE OF betatau = 500. WE WILL COMPUTE

% FOR THE FOUR VALUES OF I (AN INTEGER). THE VALUES OF I FOR

% betatau = 500 are I = [4 5 8 20]. WE WILL COMPUTE THE VALUE OF

% TERM #9 THREE TIMES FOR EACH CORRESPONDING VALUE OF I. ONCE FOR
% ALL M/2 OF THE LOWER ACI CHANNELS (have negative summation index)
h BEING PACKED WITH 1’S AND THE UPPER ACI CHANNELS ALL BEING PACKED
pA WITH 0’S. THIS IS THE CASE: (b-=1,b+=0). ONCE FOR ALL THE LOWER
% ACT CHANNELS BEING PACKED WITH ZERO’S AND THE UPPER ACI CHANNELS
/A (have a positive summation index) BEING PACKED WITH 1’S. THIS

A IS THE CASE: (b-=0,b+=1). FINALLY ONCE FOR BOTH THE UPPER AND

% LOWER ACI CHANNELS BEING PACKED WITH 1°’S. THIS IS THE CASE:

A (b-=1,b+=1). WE WILL USE BACKGROUND PROCESSING WHICH WILL

% DUMP ALL TWELVE VALUES TO A FILE CALLED term9500.mat.

% SINCE THE FILE IS IN A BINARY FORMAT WE WILL USE MATLAB

A INTERACTIVE COMMANDS AND THE TEXT EDITOR TO PRODUCE READABLE

A HARDCOPY RESULTS. AFTER THIS IS ALL DONE WE WILL

% USE THESE VALUES LATER, IN ANOTHER PROGRAM TO COMPUTE THE

A DETECTION STATISTICS AND PROBABILITIES OF BIT ERROR FOR THE

% VARIOUS SIGNAL TO NOISE RATIOS.

/A

% JOHN A. STUDER DATE LAST MODIFIED: 28 SEP 94

% CPT, U.S. ARMY
% 550-53-7181
Il R It T T T T T Tl T Tl Tl l et T h et et R R h R Rl R RS RSN DR DA AT

format short e

rho = 0.99;
betatau = 500;
= [4 5 8 20];
= [124 98 60 24];
for i = 1:4
[-M(i)/2: —1 1:M(i)/2];
teerSum(l) 0;

for ct = 1:M(1)
for g = 1:betatau-1
for m = 1:betatau
if m-1 <
term9sum(i) = term9sum(i) + ((rho~(g+(m-1)))/(pi*k(ct)...
*I1(1)))*sin(2xpixk(ct)*I(i)*((g-(m-1))..
/betatau));
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end
end
end
if ct == M(1)/2
term95001left(i) = term9sum(i);
end
end
term95001r(i) = term9sum(i);
term9500right (i) = term95001r (i) -term95001left (i) ;
end
save term9500 term9500left term9500right term95001r
exit
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<108 sp254201(Sun0S) /kepler_u2/studer> matlab
<MATLABCQR)>
(c) Copyright 1984-93 The MathWorks, Inc.
A1l Rights Reserved
Version 4.1
Jun 15 1993

Commands to get started: intro, demo, help help
Commands for more information: help, whatsnew, info, subscribe

>> load term9500.mat
>> who

Your variables are:

term95001eft term9500right
term95001r

>> term9500left
term9500left =

125.1608 80.4704 31.3156 4.7599 % CASE: (b-=1,b+=0)
>> term9500right
term9500right =

125.1608 80.4704 31.3156 4.7599 % CASE: (b-=0,b+=1)
>> term95001r
term95001r =

250.3216 160.9408 62.6313 9.5199 % CASE: (b-=1,b+=1)
5 I =4 I=25 I =28 I=20

9, ~
/A
% VALUES OF NORMALIZED CHANNEL SPACING INTEGER I

RRRAARN A ARA A ARAREA]
% TERM #9 %
% betatau = 500 Y
A AN AN YA YA AN A
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NOTE: THIS IS THE FILE term9500.out CREATED FROM THE BINARY
FILE term9500.mat USING MATLAB INTERACTIVE COMMANDS. ALL
TEXT PRECEDED BY A % WAS ADDED LATER USING A TEXT
EDITOR.
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Il Rl I I Tl Tt T T Tl Tt et Tl et f t el Tl Tt T R Tl bl h i he b he h e h e Tl feh e
% THESIS COMPUTER WORK
%

%

%

h
A | [

h | TERM #9 |

A | I

% e I

%

% COMMENTS: THE IDEA OF THIS PROGRAM IS TGO COMPUTE TERM #9

% FOR THE VALUE OF betatau = 1000. WE WILL COMPUTE

/A FOR THE FOUR VALUES OF I (AN INTEGER). THE VALUES OF I FOR

/A betatau = 1000 are I = [5 6 9 20]. WE WILL COMPUTE THE VALUE OF
A TERM #9 THREE TIMES FOR EACH CORRESPONDING VALUE OF I. ONCE FOR
% ALL M/2 OF THE LOWER ACI CHANNELS (have negative summation index)
A BEING PACKED WITH 1’S AND THE UPPER ACI CHANNELS ALL BEING PACKED
YA WITH 0’S. THIS IS THE CASE: (b-=1,b+=0). ONCE FOR ALL THE LOWER
% ACI CHANNELS BEING PACKED WITH ZERO’S AND THE UPPER ACI CHANNELS
% (have a positive summation index) BEING PACKED WITH 1’S. THIS

% IS THE CASE: (b-=0,b+=1). FINALLY ONCE FOR BOTH THE UPPER AND

% LOWER ACI CHANNELS BEING PACKED WITH 1’S. THIS IS THE CASE:

YA (b-=1,b+=1). WE WILL USE BACKGROUND PROCESSING WHICH WILL

% DUMP ALL TWELVE VALUES TO A FILE CALLED term91k.mat.

% SINCE THE FILE IS IN A BINARY FORMAT WE WILL USE MATLAB

% INTERACTIVE COMMANDS AND THE TEXT EDITOR TO PRODUCE READABLE

% HARDCOPY RESULTS. AFTER THIS IS ALL DONE WE WILL

A USE THESE VALUES LATER, IN ANOTHER PROGRAM TO COMPUTE THE

% DETECTION STATISTICS AND PROBABILITIES OF BIT ERROR FOR THE

A VARIOUS SIGNAL TO NOISE RATIOS.

0,

h

% JOHN A. STUDER DATE LAST MODIFIED: 28 SEP 94

% CPT, U.S. ARMY
% 550-53-7181
I Tt e T T Tl T T T f o f el le e et f Tl t o T Tl T Tt e ol Il h T e Akt Rl Tl W R e

format short e

rho = 0.99;
betatau = 1000;
=[5 6 9 20];
= [198 164 110 48];
for i = 1:4
[-M(i)/2: -1 1:M(1)/2];
teerSum(l) 0;

for ct = 1:M(1)
for g = 1:betatau-1
for m = 1:betatau
if m-1 <
term9sum(i) = term9sum(i) + ((rho~(g+(m-1)))/(pi*k(ct)..
*I(1)))*sin(2*pi*xk(ct)*I(1)*((g-(m-1))..
/betatau));
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end
end
end
if ct == M(1)/2
term91ikleft(i) = term9sum(i);
end
end
term91klr(i) = term9sum(i);
term91kright(i) = term91klr (i) -term91kleft(i);
end
save term91k term91kleft term91kright term91klr
exit
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<MATLABR) >
(c) Copyright 1984-93 The MathWorks, Inc.
All Rights Reserved
Version 4.1
Jun 15 1993

Commands to get started: intro, demo, help help
Commands for more information: help, whatsnew, info, subscribe

>> load term9ik.mat
>> who

Your variables are:
term91kleft term91klr term91kright
>> term91kleft
term91kleft =
165.3047 109.6350 49.5986 9.9519 % CASE: (b-=1,b+=0)
>> term91kright
term91kright =
155.3047 109.6350 49.5986 9.9519 % CASE: (b-=0,b+=1)

>> term91klr

term91klr =
310.6094 219.2701 99.1971 19.9038 % CASE: (b-=1,b+=1)
>>
./. -~ ~ -~ -~
% I =5 I =6 I =09 I =20

/
o
% VALUES OF THE NORMALIZED CHANNEL SPACING INTEGER I

AN AN YA AN AAAAA
% TERM #9 %
% betatau = 1000 ¥%
AN AN AN AN AAA

NOTE: THIS IS THE FILE term91k.out CREATED FROM THE
BINARY FILE term91k.mat USING MATLAB INTERACTIVE
COMMANDS. ALL TEXT PRECEDED BY A % WAS ADDED LATER
USING A TEXT EDITOR.
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Ut e e T e o e o e okt T Tl T L T AT T T T AT T D AR LA N DRI NI LA

% THESIS COMPUTER WORK
%
%
%
/2
% | |
% [ TERM #9 [
% | betatau = 1500 |

h o l
h
%, COMMENTS: THE IDEA OF THIS PROGRAM IS TO COMPUTE TERM #9

% FOR THE VALUE OF betatau = 1500. WE WILL COMPUTE

% FOR THE FOUR VALUES OF I (AN INTEGER). THE VALUES OF I FOR

h betatau = 1500 are I = [7 9 12 20]. WE WILL COMPUTE THE VALUE OF
h TERM #9 THREE TIMES FOR EACH CORRESPONDING VALUE OF I. ONCE FOR
A ALL M/2 OF THE LOWER ACI CHANNELS (have negative summation index)
% BEING PACKED WITH 1’S AND THE UPPER ACI CHANNELS ALL BEING PACKED
A WITH 0°S. THIS IS THE CASE: (b-=1,b+=0). ONCE FOR ALL THE LOWER
% ACI CHANNELS BEING PACKED WITH ZERO’S AND THE UPPER ACI CHANNELS
/A (have a positive summation index) BEING PACKED WITH 1’S. THIS

h IS THE CASE: (b-=0,b+=1). FINALLY ONCE FOR BOTH THE UPPER AND

% LOWER ACI CHANNELS BEING PACKED WITH 1’S. THIS IS THE CASE:

A (b-=1,b+=1). WE WILL USE BACKGROUND PROCESSING WHICH WILL

% DUMP ALL TWELVE VALUES TO A FILE CALLED term915k.mat.

% SINCE THE FILE IS IN A BINARY FORMAT WE WILL USE MATLAB

h INTERACTIVE COMMANDS AND THE TEXT EDITOR TO PRODUCE READABLE

% HARDCOPY RESULTS. AFTER THIS IS ALL DONE WE WILL

A USE THESE VALUES LATER, IN ANOTHER PROGRAM TO COMPUTE THE

% DETECTION STATISTICS AND PROBABILITIES OF BIT ERROR FOR THE

é VARIOUS SIGNAL TO NOISE RATIOS.

% JOHN A. STUDER DATE LAST MODIFIED: 28 SEP 94

% CPT, U.S. ARMY
% 550-53-7181
e e e ettt At T T T Tl R T Tl R AT A AT I ATIAADL D DARID TR
format short e
rho = 0.99;
betatau = 1500;
I=1[79 12 20];
M = [212 164 124 74];
for i = 1:4
k = [-M(i)/2:-1 1:M(1)/2];
term9sum(i) = 0;
for ct = 1:M(1)
for g = 1:betatau-1
for m = 1:betatau
if m-1 <
term9sum(i) = term9sum(i) + ((rho~(g+(m-1)))/(pi*k(ct)...
*I(1)))*sin(2*pi*k(ct)*I(1)*((g-(m-1))...
/betatau));
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end
end
end
if ct == M(1)/2
term915kleft (i) = term9sum(i);
end
end
term915klr(i) = term9sum(i);
term915kright (1) = term915klr(i)-term915kleft(i);
end
save term915k term915kleft term91Skright term915klr
exit
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<MATLAB(R)>
(c) Copyright 1984-93 The MathWorks, Inc.
A1l Rights Reserved
Version 4.1
Jun 15 1993

Commands to get started: intro, demo, help help
Commands for more information: help, whatsnew, info, subscribe

>> load term915k
>> who

Your variables are:

term915kleft term915kright
term915klr

>> term91bkleft
term915kleft =
117.9019 73.0900 41,7221 15.0822 % CASE: (b-=1,b+=0)
>> term915kright
term915kright =
117.9019 73.0900 41.7221 15.0822 % CASE: (b-=0,b+=1)
>> term915klr
term915klr =
235.8037 146.1800 83.4441 30.1644 % CASE: (b-=1,b+=1)
0/' ~ -~ ~ ~
%
it
%, VALUES OF NORMALIZED CHANNEL SPACING INTEGER I
Y ANNANA NN AN YA A
% TERM #9 %
% betatau = 1500 Y
YANANNA A NN YA AN NN
NOTE: THIS IS THE FILE term915k.out CREATED FROM THE
BINARY FILE term915k.mat USING MATLAB INTERACTIVE

COMMANDS. ALL TEXT PRECEDED BY A ) WAS ADDED LATER
USING A TEXT EDITOR.
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I I I I T T el Tl R Tl T Tt Tl AT T Tl R LI Tl L T T A T Tl ATl N ATl T T T AT ATt
A THESIS COMPUTER WORK

/

/

/.

oo oo

T | I

h I TERM #9 |

% |  betatau = 2000 |

[}

h | o |

h

% COMMENTS: THE IDEA OF THIS PROGRAM IS TO COMPUTE TERM #9

h FOR THE VALUE OF betatau = 2000. WE WILL COMPUTE

’ FOR THE FOUR VALUES OF I (AN INTEGER). THE VALUES OF I FOR

h betatau = 2000 are I = [8 9 12 20]. WE WILL COMPUTE THE VALUE OF
h TERM #9 THREE TIMES FOR EACH CORRESPONDING VALUE OF I. ONCE FOR
h ALL M/2 OF THE LOWER ACI CHANNELS (have negative summation index)
// BEING PACKED WITH 1’S AND THE UPPER ACI CHANNELS ALL BEING PACKED
A WITH 0’S. THIS IS THE CASE: (b-=1,b+=0). ONCE FOR ALL THE LOWER
A ACT CHANNELS BEING PACKED WITH ZERO’S AND THE UPPER ACI CHANNELS
h (have a positive summation index) BEING PACKED WITH 1’S. THIS

h IS THE CASE: (b-=0,b+=1). FINALLY ONCE FOR BOTH THE UPPER AND

h LOWER ACI CHANNELS BEING PACKED WITH 1’S. THIS IS THE CASE:

h (b-=1,b+=1). WE WILL USE BACKGROUND PROCESSING WHICH WILL

h DUMP ALL TWELVE VALUES TO A FILE CALLED term92k.mat.

h SINCE THE FILE IS IN A BINARY FORMAT WE WILL USE MATLAB

h INTERACTIVE COMMANDS AND THE TEXT EDITOR TO PRODUCE READABLE

h HARDCOPY RESULTS. AFTER THIS IS ALL DONE WE WILL

h USE THESE VALUES LATER, IN ANOTHER PROGRAM TO COMPUTE THE

’ DETECTION STATISTICS AND PROBABILITIES OF BIT ERROR FOR THE

h VARIOUS SIGNAL TO NOISE RATIOS.

[}

/A

% JOHN A. STUDER DATE LAST MODIFIED: 28 SEP 94

%“ CPT, U.S. ARMY
% 550-53-7181
Wl Tl Tttt e e et T e T T e e Tl fe el T T T T e Tl T ol T T T F le el Fe ek T T
format short e
rho = 0.99;
betatau = 1500;
= [8 9 12 20];
= [248 220 164 98];
for i = 1:4
[-M(1)/2: —1 1:M(1)/2];
teerSum(l) 0;
for ct = 1:M(i)
for g = 1:betatau-1
for m = 1:betatau
ifm-1< g
term9sum(i) = term9sum(i) + ((rho~(g+(m-1)))/(pi*k(ct)...
*I1(1)))*sin(2xpixk(ct)*I(1)*((g-(m-1))...
/betataun));
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end

end
end
if ct == M(1)/2

term92kleft(i) = term9sum(i);
end

end

term92klr(i) = term9sum(i);

term92kright (i) = term92klr(i)-term92kleft(i);
end
save term92k term92kleft term92kright term92kir
exit
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<MATLABG() >
(c) Copyright 1984-93 The MathWorks, Inc.
A1l Rights Reserved
Version 4.1
Jun 15 1993

Commands to get started: intro, demo, help help
Commands for more information: help, whatsnew, info, subscribe

>> load term92k.mat
>> who

Your variables are:
term92kleft term92klr term92kright
>> term92kleft
term92kleft =
91.5268 73.0261 41.6758 15.0544 % CASE: (b-=1,b+=0)
>> term92kright
term92kright =
91.5268 73.0261 41.6758  15.0544 % CASE: (b-=0,b+=1)

>> term92klr

term92klr =
183.0515 146.0523 83.3516 30.1088 % CASE: (b-=1,b+=1)
>>
./. ~ ~ ~ -~
% I =28 I =9 I =12 I =20
%
./. I

% VALUES OF THE NORMALIZED CHANNEL SPACING INTEGER I

AN AN AN YA A A A
% TERM #9 %
% betatau = 2000 Y%
YA AN AN ANA A

NOTE: THIS IS THE FILE term92k.out CREATED FROM THE
BINARY FILE term92k.mat USING MATLAB INTERACTIVE
COMMANDS. ALL TEXT PRECEDED BY A ¥ WAS ADDED LATER
USING A TEXT EDITOR.
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Ul t Tttt Tttt ettt Lt N A AL A DA RN DT DN A AN I DA ID DDA DAL
h THESIS COMPUTER WORK
//

%

A
/2
% I |
/A | TERM #10 I
% | betatau = 500 |

A | e e |

%

¥ COMMENTS: THE IDEA OF THIS PROGRAM IS TO COMPUTE TERM #10

h FOR THE VALUE OF betatau = 500. WE WILL COMPUTE

h FOR THE FOUR VALUES OF I (AN INTEGER). THE VALUES OF I FOR

h betatau = 500 are I = [4 5 8 20]. WE WILL COMPUTE THE VALUE OF

h TERM #10 THREE TIMES FOR EACH CORRESPONDING VALUE OF I. ONCE FOR
A ALL M/2 OF THE LOWER ACI CHANNELS (have negative summation index)
h BEING PACKED WITH 1’S AND THE UPPER ACI CHANNELS ALL BEING PACKED
h WITH 0’S. THIS IS THE CASE: (b-=1,b+=0). ONCE FOR ALL THE LOWER
h ACI CHANNELS BEING PACKED WITH ZERO’S AND THE UPPER ACI CHANNELS
% (have a positive summation index) BEING PACKED WITH 1°S. THIS

h IS THE CASE: (b-=0,b+=1). FINALLY ONCE FOR BOTH THE UPPER AND

A LOWER ACI CHANNELS BEING PACKED WITH 1°S. THIS IS THE CASE:

h (b-=1,b+=1). WE WILL USE BACKGROUND PROCESSING WHICH WILL

A DUMP ALL TWELVE VALUES TO A FILE CALLED term10500.mat.

/A SINCE THE FILE IS IN A BINARY FORMAT, WE WILL USE MATLAB

/A INTERACTIVE COMMANDS AND THE TEXT EDITOR TO PRODUCE READABLE

h HARDCOPY RESULTS. AFTER THIS IS ALL DONE, WE WILL

A USE THESE VALUES LATER , IN ANOTHER PROGRAM, TO COMPUTE THE

h DETECTION STATISTICS AND PROBABILITIES OF BIT ERROR FOR THE

% VARIOUS SIGNAL TO NOISE RATIOS.

L)

h

% JOHN A. STUDER DATE LAST MODIFIED: 29 SEP 94

% CPT, U.S. ARMY
% 550-53-7181
e e e e et el el e Tl Tk el t ATl AT T AT T DRI N h e
format short e
rho = 0.99;
betatau = 500;
I =1[45820];
M = [124 98 60 24];
for i = 1:4
k = [-M(i)/2:-1 1:M(1)/2];
term10sum(i) = 0;
for ct = 1:M(1)
for g = betatau:(2*betatau)-1
for m = 1:betatau
term10sum(i) = termiOsum(i) + ((rho~(g+(m-1)))/...
(pi*k(ct)*I(i)))*(sin(2*pi*k(ct)*I(i)*...
(1-((m-1)/betataun)))-sin(((2*pixk(ct)*I(i))/...
betatau)*(max(g-betatau,m-1)-(m-1))));
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end
end
if ct == M(1)/2

term105001left(i) = term1Osum(i);
end

end

term105001r(i) = termlOsum(i);

term10500right (i) = term105001r(i)-term105001left(i);
end
save term10500 term10500left term10500right term105001r
exit
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<MATLABCQR) >
(c) Copyright 1984-93 The MathWorks, Inc.
All Rights Reserved
Version 4.1
Jun 15 1993

Commands to get started: intro, demo, help help
Commands for more information: help, whatsnew, info, subscribe

>> load term10500.mat
>> who

Your variables are:

term105001eft term10500right
term105001r

>> termi05001eft
term105001left =
-2.4375 -1.5672 -0.6099 -0.0927 % CASE: (b-=1,b+=0)
>> term10500right
term10500right =
-2.4375 -1.5672 -0.6099 -0.0927 % CASE: (b-=0,b+=1)
>> term105001r
term105001r =
-4 .8750 -3.1343 -1.2197 -0.1854 % CASE: (b-=1,b+=1)
>>
./. -~ ~ ~ ~
% I =4 I =656 I =38 I =20
%
./. ek
% VALUES OF NORMALIZED CHANNEL SPACING INTEGER I
AN NN AN YA YA AN A
% TERM #10 A
% betatau = 500
YANNAN NN AN NN YA A YA YA
NOTE: THIS IS THE FILE term10500.out CREATED FROM THE BINARY FILE

term10500.mat USING MATLAB INTERACTIVE COMMANDS. ALL TEXT
PRECEDED BY A % WAS ADDED LATER USING A TEXT EDITOR.
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T I I Il T Tl T Tl Tl T et el l Tl e T T el Tt o e Tl e T el ke Lol e e el
? THESIS COMPUTER WORK

/A

/A

.

h | |
% l TERM #10 I
% | betatau = 1000 |

& e |

% COMMENTS: THE IDEA OF THIS PROGRAM IS TO COMPUTE TERM #10

h FOR THE VALUE OF betatau = 1000. WE WILL COMPUTE

% FOR THE FOUR VALUES OF I (AN INTEGER). THE VALUES OF I FOR

A betatau = 1000 are I = [5 6 9 20]. WE WILL COMPUTE THE VALUE OF
A TERM #10 THREE TIMES FOR EACH CORRESPONDING VALUE OF I. ONCE FOR
h ALL M/2 OF THE LOWER ACI CHANNELS (have negative summation index)
A BEING PACKED WITH 1’S AND THE UPPER ACI CHANNELS ALL BEING PACKED
h WITH 0’S. THIS IS THE CASE: (b-=1,b+=0). ONCE FOR ALL THE LOWER
h ACI CHANNELS BEING PACKED WITH ZERO’S AND THE UPPER ACI CHANNELS
h (have a positive summation index) BEING PACKED WITH 1’S. THIS

h IS THE CASE: (b-=0,b+=1). FINALLY ONCE FOR BOTH THE UPPER AND

h LOWER ACI CHANNELS BEING PACKED WITH 1’S. THIS IS THE CASE:

/A (b-=1,b+=1). WE WILL USE BACKGROUND PROCESSING WHICH WILL

A DUMP ALL TWELVE VALUES TO A FILE CALLED termi0Oik.mat.

% SINCE THE FILE IS IN A BINARY FORMAT, WE WILL USE MATLAB

h INTERACTIVE COMMANDS AND THE TEXT EDITOR TO PRODUCE READABLE

h HARDCOPY RESULTS. AFTER THIS IS ALL DONE, WE WILL

h USE THESE VALUES LATER , IN ANOTHER PROGRAM, TO COMPUTE THE

A DETECTION STATISTICS AND PROBABILITIES OF BIT ERROR FOR THE

% VARIQUS SIGNAL TO NOISE RATIOS.

L)

%

% JOHN A. STUDER DATE LAST MODIFIED: 29 SEP 94

% CPT, U.S. ARMY
% 550-53-7181
T T A T T A A
format short e
rho = 0.99;
betatau = 1000;
= [56 9 20];
= [198 164 110 48];
for i = 1:4
[-M(i)/2: —1 1:M(1)/2];
termiOsum(l) 0;
for ct = 1:M(3i)
for g = betatau:(2*betatau)-1
for m = 1:betatau
term10sum(i) = termiOsum(i) + ((rho~(g+(m-1)))/...
(pi*k(ct)*I(1)))*(sin(2*pixk(ct)*I(i)*. ..
(1-((m-1) /betatau)))-sin(((2*pixk(ct)*I(i))/...
betatau)*(max(g-betatau,m-1)-(m-1))));
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end
end
if ct == M(1)/2
term10ikleft (i) = termiOsum(i);
end
end
term101klr(i) = term1Osum(i);
term10ikright(i) = term101klr(i)-term101kleft(i);
end
save term101k termiOtkleft termiOlkright term1Olklr
exit
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(c) Copyright 1984-93 The MathWorks, Inc.
All Rights Reserved
Version 4.1
Jun 15 1993

Commands to get started: intro, demo, help help
Commands for more information: help, whatsnew, info, subscribe

>> load term10ilk.mat
>> who

Your variables are:

term10lkleft term101kright
term1O1klr

>> termlOlkleft
termi1Olkleft =

-0.0200 -0.0142

|
(=]

.0064 -0.0013 % CASE: (b-=1,b+=0)
>> term10lkright
termiOlkright =

-0.0200 -0.0142 -0.0064 -0.0013 % CASE: (b-=0,b+=1)
>> term101klr
terml101klr =

-0.0401 -0.0283 -0.0128 -0.0026 % CASE: (b-=1,b+=1)

>>

0/. -~ ~ -~ ~

# I=5 I=¢6 I=09 I =20
e

0/. -~

% VALUES OF THE NORMALIZED CHANNEL SPACING INTEGER I

AN YA AN AN S AN AAA
% TERM #10 %
% betatau = 1000 Y

AN YA YA YA

NOTE: THIS IS THE FILE term101lk.out CREATED FROM THE
BINARY FILE term101.mat USING MATLAB INTERACTIVE
COMMANDS. ALL TEXT PRECEDED BY A ), WAS ADDED LATER
USING A TEXT EDITOR.
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ol el el el et e o T Tl Tl R TRl AT AT LA LT R AL AN TR A NI DRI RN AR AL D DN
h THESIS COMPUTER WORK

h

A e

h | |

h l TERM #10 |

h |  betatau = 1500 |

h | e |

h

% COMMENTS: THE IDEA OF THIS PROGRAM IS TO COMPUTE TERM #10

% FOR THE VALUE OF betatau = 1500. WE WILL COMPUTE

/A FOR THE FOUR VALUES OF I (AN INTEGER). THE VALUES OF I FOR

A betatau = 1500 are I = [7 9 12 20]. WE WILL COMPUTE THE VALUE OF
h TERM #10 THREE TIMES FOR EACH CORRESPONDING VALUE OF I. ONCE FOR
h ALL M/2 OF THE LOWER ACI CHANNELS (have negative summation index)
A BEING PACKED WITH 1’S AND THE UPPER ACI CHANNELS ALL BEING PACKED
% WITH 0°S. THIS IS THE CASE: (b-=1,b+=0). ONCE FOR ALL THE LOWER
% ACI CHANNELS BEING PACKED WITH ZERO’S AND THE UPPER ACI CHANNELS
yA (have a positive summation index) BEING PACKED WITH 1°S. THIS

A IS THE CASE: (b-=0,b+=1). FINALLY ONCE FOR BOTH THE UPPER AND

% LOWER ACI CHANNELS BEING PACKED WITH 1’S. THIS IS THE CASE:

/A (b-=1,b+=1). WE WILL USE BACKGROUND PROCESSING WHICH WILL

yA DUMP ALL TWELVE VALUES TO A FILE CALLED term1015k.mat.

% SINCE THE FILE IS IN A BINARY FORMAT, WE WILL USE MATLAB

% INTERACTIVE COMMANDS AND THE TEXT EDITOR TO PRODUCE READABLE

% HARDCOPY RESULTS. AFTER THIS IS ALL DONE, WE WILL

% USE THESE VALUES LATER , IN ANOTHER PROGRAM, TO COMPUTE THE

% DETECTION STATISTICS AND PROBABILITIES OF BIT ERROR FOR THE

% VARIOUS SIGNAL TO NOISE RATIOS.

L)

% JOHN A. STUDER DATE LAST MODIFIED: 29 SEP 94

% CPT, U.S. ARMY
% 550-53-7181
Yl e e et ettt Tl el R T Tl R R T Tl A AT T N AR AT DD DRI
format short e
rho = 0.99;
betatau = 1500;
I=1[79 12 20];
M = [212 164 124 74];
for i = 1:4
k = [-M(i)/2:-1 1:M(3)/2];
term10sum(i) = 0;
for ct = 1:M(1)
for g = betatau:(2%betatau)-1
for m = 1:betatau
term10sum(i) = termiOsum(i) + ((rho~(g+(m-1)))/...
(pi*k(ct)*I(1)))*(sin(2*pi*k(ct)*I(i)*...
(1-((m-1) /betatau)))-sin(((2*pixk(ct)*I(i))/...
betatau)* (max(g-betatau,m-1)-(m-1))));
end
end
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if ct == M(1)/2
term1015kleft (i) = termiOsum(i);
end
end
term1015klr(i) = termiOsum(i);
term1015kright (i) = term1015klr(i)-term1015kleft (i) ;
end
save term1015k term1015kleft term101Skright term1015klr
exit
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<MATLABCQR) >
(c) Copyright 1984-93 The MathWorks, Inc.
All Rights Reserved
Version 4.1
Jun 15 1993

Commands to get started: intro, demo, help help
Commands for more information: help, whatsnew, info, subscribe

>> load term1015k.mat
>> who

Your variables are:

term1015kleft term1015kright
term1015klr

>> term1015kleft
term1015kleft =

1.0e-04 *

-1.0000 -0.6199 -0.3539 =-0.1279 % CASE: (b-=1,b+=0)
>> term1015kright
term1015kright =

1.0e~04 *

-1.0000 =-0.6199 -0.3539 -0.1279 % CASE: (b-=0,b+=1)
>> term1015klr
term1015klr =

1.0e-03 *

-0.2000 -0.1240 -0.0708 -0.0256 % CASE: (b-=1,b+=1)
>>
% I=7 I=9 I =12 I=20

./. -~
% VALUES OF NORMALIZED CHANNEL SPACING INTEGER I
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VAN AN AN AN AN A A A
YA TERM #10 A
% betatau = 1500 %
VYA AN A YA AN AAA

NOTE: THIS IS THE FILE term1015k.out CREATED FROM THE
BINARY FILE term1015k.mat USING MATLAB INTERACTIVE
COMMANDS. ALL TEXT PRECEDED BY A 7 WAS ADDED LATER
USING A TEXT EDITOR.
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LUl et e e el Tt et et b T T bl Tl e Tl A Tl Tl T A T Tl ek T e T el AT
% THESIS COMPUTER WORK

%

%

%

/2SO

% I I
% | TERM #10 |
% |  betatau = 2000 |

; | I

% COMMENTS: THE IDEA OF THIS PROGRAM IS TO COMPUTE TERM #10

% FOR THE VALUE OF betatau = 2000. WE WILL COMPUTE

% FOR THE FOUR VALUES OF I (AN INTEGER). THE VALUES OF I FOR

% betatau = 2000 are I = [8 9 12 20]. WE WILL COMPUTE THE VALUE OF
% TERM #10 THREE TIMES FOR EACH CORRESPONDING VALUE OF I. ONCE FOR
/A ALL M/2 OF THE LOWER ACI CHANNELS (have negative summation index)
% BEING PACKED WITH 1’S AND THE UPPER ACI CHANNELS ALL BEING PACKED
% WITH 0’S. THIS IS THE CASE: (b-=1,b+=0). ONCE FOR ALL THE LOWER
% ACTI CHANNELS BEING PACKED WITH ZERQO’S AND THE UPPER ACI CHANNELS
% (have a positive summation index) BEING PACKED WITH 1’S. THIS

% IS THE CASE: (b-=0,b+=1). FINALLY ONCE FOR BOTH THE UPPER AND

% LOWER ACI CHANNELS BEING PACKED WITH 1’S. THIS IS THE CASE:

% (b-=1,b+=1). WE WILL USE BACKGROUND PROCESSING WHICH WILL

% DUMP ALL TWELVE VALUES TO A FILE CALLED termi102k.mat.

% SINCE THE FILE IS IN A BINARY FORMAT, WE WILL USE MATLAB

% INTERACTIVE COMMANDS AND THE TEXT EDITOR TO PRODUCE READABLE

% HARDCOPY RESULTS. AFTER THIS IS ALL DONE, WE WILL

% USE THESE VALUES LATER , IN ANOTHER PROGRAM, TO COMPUTE THE

% DETECTION STATISTICS AND PROBABILITIES OF BIT ERROR FOR THE

? VARIOUS SIGNAL TO NOISE RATIOS.

% JOHN A. STUDER DATE LAST MODIFIED: 28 NOV 94

% CPT, U.S. ARMY
% 550-53-7181
e e e e ettt T e o e e el ol ol ol h ol ol RN R L ISR LA DL
format short e
rho = 0.99;
betatau = 2000;
I=1[829 12 20];
M = [248 220 164 98];
for i = 1:4
k = [-M(i)/2:-1 1:M(i)/2];
term10sum(i) = 0;
for ct = 1:M(1)
for g = betatau:(2*betatau)-1
for m = 1:betatau
term10sum(i) = term1Osum(i) + ((rho~(g+(m-1)))/...
(pixk(ct)*I(1)))*(sin(2*pi*k(ct)*I(i)*...
(1-((m-1) /betatau)))-sin(((2*pi*k(ct)*I(i))/...
betatau) * (max(g-betatau,m-1)-(m-1))));
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end
end
if ct == M(i)/2
term102kleft (i) = termiOsum(i);
end
end
term102klr(i) = term10Osum(i);
term102kright (i) = term102klr(i)-term102kleft(i);
end
save terml02k terml102kleft term102kright term102klr
exit
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>> term102kleft8
term102kleft8 =
-6.5584e~-07 % CASE: (b-=1,b+=0)
>> termi02kright8
YA YA Y
term102kright8 = %“I=81Y%
YIS AAA
-6.5584e-07 % CASE: (b-=0,b+=1)
>> term102klr8
term102klr8 =
-1.3117e-06 %, CASE: (b-=1,b+=1)
5> termiOZklefto TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTeTTTTT
term102kleft9 =
-5.2745e-07 % CASE: (b-=1,b+=0)
>> term102kright9
YAANANANAA
term102kright9 = hI=91
YAAYANANAA
-5.2745e-07 % CASE: (b-=0,b+=1)
>> termi02klr9
term102klr9 =
-1.0549e-06 % CASE: (b-=1,b+=1)
3> TermiOzkleftis TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTmTTTTTT
term102kleftl2 =
-3.0548e-07 % CASE: (b-=1,b+=0)
>> term102krighti12
AN A YA A
term102kright12 = h I =127

AN YANYAAAS
-3.0548e-07 % CASE: (b-=0,b+=1)
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>> termi02klri2
term102kliri2 =
-6.1096e-07 % CASE: (b-=1,b+=1)

>> term102kleft20

term102kleft20 =
-1.1211e-07 % CASE: (b-=1,b+=0)
>> term102kright20
VAN NS A AAA
term102kright20 = 5 I =201
YANAANA AN

-1.1211e-07 % CASE: (b-=0,b+=1)
>> term102kl1r20
term102klr20 =

-2.2423e-07 % CASE: (b-=1,b+=1)

VAN AAAA
% TERM #10 %
Y betatau = 2000 %

AN AN YA AAA

NOTE: THERE WERE SEVERAL MISHAPS IN COMPUTING THIS TERM. POWER OUTAGES,
MY ACCOUNT BEING SHUT OFF,ETC. IN THE INTERESTS OF BEING ABLE TO
COMPUTE RESULTS IN A TIMELY MANNER, FOUR COPIES OF THE PROGRAM FOR
TERM #10, betatau = 2000 WERE MADE. THE I AND M BLOCK WERE MODIFIED
TO HOLD ONLY ONE VALUE OF I/M, AND THE OUTER LOOP WAS REDUCED TO
ONE ITERATION. THEN, THE FOUR PROGRAMS WERE RUN ON FOUR SEPARATE
WORKSTATIONS. IN THE INTERESTS OF BREVITY WE ONLY SHOW THE SINGLE
PROGRAM FOR COMPUTING THE TERM AS THE FOUR COPIES ARE ESSENTIALLY
THE EXACT SAME PROGRAM BUT THEY DO ONLY ONE OUTER LOOP EACH.

THE RESULTS OF THE FOUR PROGRAMS ARE TABULATED HERE USING THE
A TEXT EDITOR.
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%
% THESIS COMPUTER WORK

%

/A GENERATION OF GRAPHS

yA FOR

% betatau = 500

0/.

YA DATE: 19 OCTOBER 1994

L)

%

% COMMENTS: THIS PROGRAM CONTAINS THE RESULTS OF ALL TEN TERMS OF
% APPENDIX B RESULTING IN THE PROGRAM PRODUCING A

% COMPLETE, ACCURATE GRAPH OF THE SYSTEM’S PROBABILITY
% OF BIT ERROR FOR ALL FOUR VALUES OF I.

h I =1[458 20]
Ut U Ut ettt el el ek he el e T T Tl e el T A I Tl T K I T T e Tl Tl B K A

format short e

rho = 0.99;

¢ = (1-rho)"2;
I=1[45820];

M = [124 98 60 24];

bitmatrix = [0 0 0; 001; 010; 011; 100; 101; 110;111];

term5 = [1.5423e+03 0.9419e+03 0.3307e+03 0.0431e+03
1.5423e+03 0.9419e+03 0.3307e+03 0.0431e+03
1.3825e+03 0.9001e+03 0.3576e+03 0.0580e+03];
term8 = [-3.7098e+02 -2.3852e+02 -9.2820e+01 -1.4109e+01
-3.7098e+02 -2.3852e+02 -9.2820e+01 -1.4109e+01
-7.4196e+02 -4.7703e+02 -1.8564e+02 -2.8217e+01];
term9 = [125.1608 80.4704 31.3156 4.7599
125.1608 80.4704 31.3156 4.7599
250.3216 160.9408 62.6313 9.5199];
termi0 = [-2.4375 -1.5672 -0.6099 -0.0927
-2.4375 -1.5672 -0.6099 -0.0927
-4.,8750 -3.1343 -1.2197 -0.1854];
for ct = 1:4
for 1 = 1:8

for boo = [1 0]

X1 = boo*c*7.0510e+03;
X2 = bitmatrix(i,3)*c*959.5662;
X3 = bitmatrix(i,3)*c*1.2211e+01;

X4 = bitmatrix(i,3)*c*3.0440e-01;

if bitmatrix(i,1)==1 & bitmatrix(i,2)==
X5 = c*xterm5(1,ct);

elseif bitmatrix(i,1)==0 & bitmatrix(i,2)==
X5 = cxterm5(2,ct);

elseif bitmatrix(i,1)==1 & bitmatrix(i,2)==
X5 = c*term5(3,ct);
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if boo == 0
X8 = 0;

elseif bitmatrix(i,1)==1 &
X8 = cxterm8(1,ct);

elseif bitmatrix(i,1)==0 &
X8 = c*xterm8(2,ct);

elseif bitmatrix(i,i)==1 &
X8 = c*xterm8(3,ct);
else
X8 = 0;
end
if bitmatrix(i,3) == 0
X9 = 0;

elseif bitmatrix(i,1)==1 &
X9 = cxterm9(1,ct);
elseif bitmatrix(i,1)==0 &
X9 = cxterm9(2,ct);
elseif bitmatrix(i,1)==1 &
X9 = cxterm9(3,ct);
else
X9 = Q;
end
if bitmatrix(i,3) ==
X10 = 0;
elseif bitmatrix(i,1)==1 &
X10 = c*termi10(1l,ct);
elseif bitmatrix(i,1)==0 &
X10 = c*term10(2,ct);
elseif bitmatrix(i,1)==1 &
X10 = c*term10(3,ct);
else
X10 = 0;
end

boo*bitmatrix(i,3)*c*1.8585e+03;
= boo*bitmatrix(i,3)*c*9.2657e+01;

bitmatrix(i,2)==0
bitmatrix(i,2)==

bitmatrix(i,2)==

bitmatrix(i,2)==
bitmatrix(i,2)==

bitmatrix(i,2)==

bitmatrix(i,2)==0
bitmatrix(i,2)==

bitmatrix(i,2)==1

INTERSUM = X1+X2+X3+X4+X5+X6+X7+X8+X9+X10;

if boo==
X1BETA(ct,1)
else
XOBETA(ct,1)
end
end
end
X1MIN(ct) = min(X1BETA(ct,:));
XOMAX(ct) = max(XOBETA(ct,:));
VT(ct) = (XOMAX(ct) + X1MIN(ct))/2;
end
RPSQR_TDIVNO_DB = 10:.01:20;

INTERSUM;

INTERSUM;
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RPSQR_TDIVNGO = 10.~(RPSQR_TDIVNO_DB*0.10);
SINGCHAN = 0.5%erfc(RPSQR_TDIVNO/8°0.5);
for ct = 1:4

PE(ct,1:1001) = zeros(1,1001);

for 1 = 1:8
PE(ct,:)=PE(ct,:)+0.25%erfc((RPSQR_TDIVNO/270.5)*(X1BETA(ct,1i)-VT(ct))) ...
+0.25*erfc((RPSQR_TDIVNG/2°0.5)*(VT(ct)-XOBETA(ct,1)));
end
end
PEFINAL = PE/8;
figure(1)
semilogy (RPSQR_TDIVNO_DB,SINGCHAN,’--’,RPSQR_TDIVNO_DB,PEFINAL(1,:),...
RPSQR_TDIVNO_DB,PEFINAL(2,:),RPSQR_TDIVNO_DB,PEFINAL(3,:),...
RPSQR_TDIVNO_DB,PEFINAL(4,:))
xlabel(’Z (dB)’);
ylabel(’Pb’);
axis([10 17 10~ (-15) 1])
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% THESIS COMPUTER WORK

%

h GENERATION OF GRAPHS

h FOR

% betatau = 1000

%

h DATE: 21 OCTOBER 1994

%

% COMMENTS: THIS GRAPHING PROGRAM DOES NOT CONTAIN THE RESULTS FOR

% TERM #5, APPENDIX B DUE TO AN INABILITY TO ARRIVE AT A

% SOLUTION. THERE WERE MEMORY PROBLEMS WHEN A MATRIX SOLUTION
% WAS TRIED TO SPEED CALCULATION OF THIS TERM, AND THE

% TIME REQUIRED TO CALCULATE USING SIMPLE LOOPS WAS

% PROHIBITIVE. THUS, ON THE RESULTING GRAPH PRODUCED

A ONLY THE I = 20 TRACE IS ACCURATE IN PREDICTING

% THE SYSTEM’S PROBABLILITY OF BIT ERROR. THIS IS BECAUSE

/A AT I = 20, THE EFFECTS OF ADJACENT CHANNEL INTERFERENCE (ACI)
YA ARE NEGLIGABLE.

%

Il T T R Tl el f T T T e T T el Tt e fe Tl et T bl T A h e Tk fe he el Vol e e Tk ot
rho = 0.99;

¢ = (1-rho)"~2;

I [56 9 20];

M = [198 164 110 48];

bitmatrix = [000; 001; 010; 011;100; 101; 110; 111];

term8 = [-464.3344 -327.7899 -148.2912 -29.7545
-464.3344 -327.7899 -148.2912 -29.7545
-928.6688 -655.5798 -296.5824 -59.5090];

term9 = [155.3047 109.6350 49.5986 9.9519

155.3047 109.6350 49.5986 9.9519
310.6094 219.2701 99.1971 19.9038];

term10 = [-0.0200 -0.0142 -0.0064 -0.0013

-0.0200 -0.0142 -0.0064 -0.0013
-0.0401 -0.0283 -0.0128 -0.0026];

for boo = [1 0]

X1 = boo*c*8.5126e+03;

X2 = bitmatrix(i,3)*c*492.4271;
X3 = bitmatrix(i,3)*c*4.2917e-02;
X4 = bitmatrix(i,3)*c*1.5865e-05;

% NOTE THAT THE RESULTS FOR TERM #5, APPENDIX B ARE
% MISSING. SEE THE COMMENTS IN THE TITLE SECTION

% ABOVE.

X6 boo*bitmatrix(i,3)*c*9.9411e+02;

X7 = booxbitmatrix(i,3)*c*7.3500e-01;
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if boo ==
X8 = 0;

elseif bitmatrix(i,1)==1 & bitmatrix(i,2)==0
X8 = cxterm8(1,ct);

elseif bitmatrix(i,1)==0 & bitmatrix(i,2)==
X8 = c*xterm8(2,ct);
elseif bitmatrix(i,1)==1 & bitmatrix(i,2)==1

X8 = cxterm8(3,ct);

else
X8 = 0;

end

if bitmatrix(i,3) == 0
X9 = 0;

elseif bitmatrix(i,1)==1 & bitmatrix(i,2)==0
X9 = cxterm9(1,ct);

elseif bitmatrix(i,1)==0 & bitmatrix(i,2)==
X9 = cxterm9(2,ct);
elseif bitmatrix(i,1)==1 & bitmatrix(i,2)==1

X9 = c*xterm9(3,ct);
else
X9 = 0;
end
if bitmatrix(i,3) ==
X10 = 0;
elseif bitmatrix(i,1)==1
X10 = c*xtermi0(1,ct);
elseif bitmatrix(i,1)==0
X10 = c*term10(2,ct);
elseif bitmatrix(i,1)==
X10 = c*xterm10(3,ct);

bitmatrix(i,2)==0

15

e

bitmatrix(i,2)==1

e

bitmatrix(i,2)==1

else
X10 = 0;
end
INTERSUM = X1+X2+X3+X4+X6+X7+X8+X9+X10;
if boo==
X1BETA(ct,1) = INTERSUM;
else
XOBETA(ct,1) = INTERSUM;
end
end
end
X1MIN(ct) = min(X1BETA(ct,:));
XOMAX(ct) = max(XOBETA(ct,:));

VT(ct) = (XOMAX(ct) + XiMIN(ct))/2;
end
RPSQR_TDIVNO_DB = 10:.01:20;
RPSQR_TDIVNO = 10.~ (RPSQR_TDIVNO_DB#*0.10);
SINGCHAN = 0.5%erfc(RPSQR_TDIVNG/870.5);
for ct = 1:4

PE(ct,1:1001) = zeros(1,1001);

for 1 = 1:8
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PE(Ct,:)=PE(ct,:)+O.25*erfc((RPSQR_TDIVNO/2“O.5)*(XlBETA(Ct,i)-VT(Ct)))...
+0.25*erfc ((RPSQR_TDIVNO/270.5)* (VT (ct)-XOBETA(ct,1)));
end

end

PEFINAL = PE/S;

figure(1)

Semilogy(RPSQR_TDIVND_DB,SINGCHAN,’--’,RPSQR_TDIVNO_DB,PEFINAL(I,:),...
RPSQR_TDIVNO_DB,PEFINAL(2,:),RPSQR_TDIVNO_DB,PEFINAL(3,:),...
RPSQR_TDIVNO_DB,PEFINAL(4,:))

xlabel(’Z (dB)’);

ylabel("Pb’);

axis([10 17 10~(-15) 11)
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h THESIS COMPUTER WORK

h

h GENERATION OF GRAPHS

h FOR

yA betatau = 1500

A

? DATE: 25 OCTOBER 1994

% COMMENTS: THIS GRAPHING PROGRAM DOES NOT CONTAIN THE RESULTS FOR

% TERM #5, APPENDIX B DUE TO AN INABILITY TO ARRIVE AT A

% SOLUTION. THERE WERE MEMORY PROBLEMS WHEN A MATRIX SOLUTION
% WAS TRIED TO SPEED CALCULATION OF THIS TERM, AND THE

% TIME REQUIRED TO CALCULATE USING SIMPLE LOOPS WAS

% PROHIBITIVE. THUS, ON THE RESULTING GRAPH PRODUCED

% ONLY THE I = 20 TRACE IS ACCURATE IN PREDICTING

A THE SYSTEM’S PROBABLILITY OF BIT ERROR. THIS IS BECAUSE

% AT I = 20, THE EFFECTS OF ADJACENT CHANNEL INTERFERENCE (ACI)

% ARE NEGLIGABLE.

h
e e e e e et o Tl Il o T Tl b AT T T AR T Tl N AT L AT Do T e e
rho = 0.99;

c = (1-rho)"2;
I=1[79 12 20];
M = [212 164 124 74];

bitmatrix = [000; 001; 010; 011; 100; 101; 110; 11 1];

term8 = [-3.5253e+02 -2.1854e+02 -1.2475e+02 -4.5096e+01
-3.5253e+02 -2.1854e+02 -1.2475e+02 -4.5096e+01
-7.0505e+02 -4.3708e+02 -2.4950e+02 -9.0192e+01];
term9 = [117.9019 73.0900 41.7221 15.0822
117.9019 73.0900 41.7221 15.0822
235.8037 146.1800 83.4441 30.1644];
termi0 = [-1.0000e-04 -0.6199e-04 -0.3539e-04 -0.1279e-04

-1.0000e-04 -0.6199e-04 -0.3539e-04 -0.1279e-04
-0.2000e-03 ~-0.1240e-03 -0.0708e-03 -0.0256e-03];

for boo = [1 0]

X1 = boox*c*x9,0083e+03;

X2 = bitmatrix(i,3)*c*328.3413;
X3 = bitmatrix(i,3)*c*1.8815e-04;
X4 = bitmatrix(i,3)*c*7.2482e-10;

% NOTE THAT THE RESULTS FOR TERM #5, APPENDIX B ARE
% MISSING. SEE THE COMMENTS IN THE TITLE SECTION

% ABOVE.

X6 = boox*bitmatrix(i,3)*c*6.6331e+02;

X7 = boo*bitmatrix(i,3)*c*5.1105e-03;

if boo ==
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X8 = 0;

elseif bitmatrix(i,1)==1 & bitmatrix(i,2)==
X8 = cxterm8(1,ct);

elseif bitmatrix(i,1)==0 & bitmatrix(i,2)==1
X8 = cxterm8(2,ct);

elseif bitmatrix(i,1)==1 & bitmatrix(i,2)==
X8 = c*term8(3,ct);

else
X8 = 0;

end

if bitmatrix(i,3) == 0
X9 = 0;

elseif bitmatrix(i,1)==1 & bitmatrix(i,2)==0
X9 = cxterm9(1,ct);

elseif bitmatrix(i,1)==0 & bitmatrix(i,2)==
X9 = c*term9(2,ct);

elseif bitmatrix(i,1)==1 & bitmatrix(i,2)==
X9 = c*term9(3,ct);

else
X9 = 0;

end

if bitmatrix(i,3) ==0
X10 = 0;

elseif bitmatrix(i,1)==1 & bitmatrix(i,2)==0
X10 = c*term10(l,ct);

elseif bitmatrix(i,1)==0 & bitmatrix(i,2)==1
X10 = c*term10(2,ct);

elseif bitmatrix(i,1)==1 & bitmatrix(i,2)==1

X10 = c*term10(3,ct);
else
X10 = 0;
end
INTERSUM = X1+X2+X3+X4+X6+X7+X8+X9+X10;
if boo==1
X1BETA(ct,i) = INTERSUM;
else
XOBETA(ct,1) = INTERSUM;
end

end
end
X1MIN(ct) = min(X1BETA(ct,:));
XOMAX (ct) = max(XOBETA(ct,:));
VT(ct) = (XOMAX(ct) + XIMIN(ct))/2;
end
RPSQR_TDIVNO_DB = 10:.01:20;
RPSQR_TDIVNO = 10.~ (RPSQR_TDIVNO_DB*0.10);
SINGCHAN = 0.5%erfc(RPSQR_TDIVNO/8°0.5);
for ct = 1:4
PE(ct,1:1001) = zeros(1,1001);
for i = 1:8
PE(ct,:)=PE(ct,:)+0.25%erfc((RPSQR_TDIVNO/2°0.5)*(X1BETA(ct,1)-VT(ct)))...
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+0.25*%erfc ((RPSQR_TDIVNO/2°0.5)*(VT(ct)-XOBETA(ct,1)));
end

end

PEFINAL = PE/S;

figure(1)

semilogy (RPSQR_TDIVNO_DB,SINGCHAN,’--’ ,RPSQR_TDIVNO_DB ,PEFINAL(1,:), ...
RPSQR_TDIVNO_DB,PEFINAL(2,:) ,RPSQR_TDIVNO_DB,PEFINAL(3,:),...
RPSQR_TDIVNO_DB,PEFINAL(4,:))

x1label(’Z (dB)’);

ylabel(’Pb’);

axis([10 17 10~(-15) 11)
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h THESIS COMPUTER WORK

/A

% GENERATION OF GRAPHS

A FOR

% betatau = 2000

h

YA DATE: 15 NOVEMBER 1994

A

A COMMENTS: THIS GRAPHING PROGRAM DOES NOT CONTAIN THE RESULTS FOR

A TERM #5, APPENDIX B DUE TO AN INABILITY TO ARRIVE AT A

A SOLUTION. THERE WERE MEMORY PROBLEMS WHEN A MATRIX SOLUTION
% WAS TRIED TO SPEED CALCULATION OF THIS TERM, AND THE

% TIME REQUIRED TO CALCULATE USING SIMPLE LOOPS WAS

% PROHIBITIVE. THUS, ON THE RESULTING GRAPH PRODUCED

% ONLY THE I = 20 TRACE IS ACCURATE IN PREDICTING

yA THE SYSTEM’S PROBABLILITY OF BIT ERROR. THIS IS BECAUSE

/A AT I = 20, THE EFFECTS OF ADJACENT CHANNEL INTERFERENCE (ACI)
/A ARE NEGLIGABLE.

%

0/.

Il I T Tl Tt T Tt et Tl T Tl e Tl T Tl Rl Rt e T h e e ke K h T D
rtho = 0.99;

¢ = (1-rho)"2;

I (8 9 12 207;

M = [248 220 164 98];

bitmatrix = [0 00; 00 1; 010; 011; 100;101; 110; 111];

[-351.8931 -283.0055 -163.9044 -60.1542
-351.8931 -283.0055 -163.9044 -60.1542
-703.7863 -566.0110 -327.8088 -120.3084];

term8

[91.5258 73.0261 41.6758 15.0544
91.5258 73.0261 41.6758 15.0544
183.0515 146.0523 83.3516 30.1088];

term9

[-6.5584e-07 -5.2745e-07 -3.0548e-07 -1.1211e-07
-6.5584e~-07 -5.2745e-07 -3.0548e-07 -1.1211e-07
-1.3117e-06 -1.0549e-06 -6.1096e-07 -2.2423e-07];

termi0

for boo = [1 0]

X1 = boo*c*9.2563e+03;

X2 = bitmatrix(i,3)*c*246.2563;
X3 = bitmatrix(i,3)*c*9.2720e-07;
X4 = bitmatrix(i,3)*c*3.2152e-14;

% NOTE THAT THE RESULTS FOR TERM #5, APPENDIX B ARE
% MISSING. SEE THE COMMENTS IN THE TITLE SECTION

% ABOVE.

X6 = boo*bitmatrix(i,3)*c*4.9749e+02;

X7 = boo*bitmatrix(i,3)*c*3.4503e-05;
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if boo ==
X8 = 0;

elseif bitmatrix(i,1)==1
X8 = cxterm8(1,ct);

elseif bitmatrix(i,1)==0 & bitmatrix(i,2)==1
X8 = cxterm8(2,ct);

elseif bitmatrix(i,1)==1 & bitmatrix(i,2)==
X8 = cxterm8(3,ct);

&

bitmatrix(i,2)==

else
X8 = 0;

end

if bitmatrix(i,3) ==
X9 = 0;

elseif bitmatrix(i,1)==1 & bitmatrix(i,2)==0
X9 = c*term9(1,ct);

elseif bitmatrix(i,1)==0 & bitmatrix(i,2)==
X9 = c*term9(2,ct);

elseif bitmatrix(i,1)==1 & bitmatrix(i,2)==
X9 = cxterm9(3,ct);

else
X9 = 0;

end

if bitmatrix(i,3) ==0
X10 = 0;

elseif bitmatrix(i,1)==1 & bitmatrix(i,2)==0
X10 = c*term10(1,ct);

elseif bitmatrix(i,1)==0 & bitmatrix(i,2)==
X10 = cxterm10(2,ct);

elseif bitmatrix(i,1)==1 & bitmatrix(i,2)==1
X10 = c*term10(3,ct);

else
X10 = 0;
end
INTERSUM = X1+X2+X3+X4+X6+X7+X8+X9+X10;
if boo==
X1BETA(ct,i) = INTERSUM;
else
XOBETA(ct,i) = INTERSUM;
end
end
end
XiMIN(ct) = min(X1BETA(ct,:));
XOMAX (ct) = max(XOBETA(ct,:));

VT(ct) = (XOMAX(ct) + XIMIN(ct))/2;
end
RPSQR_TDIVNO_DB = 10:.01:20;
RPSQR_TDIVNO = 10.~ (RPSQR_TDIVNO_DB*0.10);
SINGCHAN = 0.5%erfc(RPSQR_TDIVNO/8°0.5);
for ct = 1:4

PE(ct,1:1001) = zeros(1,1001);

for 1 = 1:8
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PE(ct,:)=PE(ct,:)+0.25*%erfc((RPSQR_TDIVNO/2°0.5)* (X1BETA(ct,1i)-VT(ct)))...
+0.25*erfc ((RPSQR_TDIVNO/270.5)*(VT(ct)-XOBETA(ct,1)));
end

end

PEFINAL = PE/S;

figure(1)

semilogy (RPSQR_TDIVNO_DB,SINGCHAN,’--’,RPSQR_TDIVNO_DB,PEFINAL(1,:),...
RPSQR_TDIVNO_DB,PEFINAL(2, :),RPSQR_TDIVNO_DB,PEFINAL(3,:),...
RPSQR_TDIVNO_DB,PEFINAL(4,:))

xlabel(’Z (dB)’);

ylabel(’Pb’);

axis([10 17 10~(-15) 1])
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